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Vinyl acetate monomer has been polymerised in bulk at hiýýh and 
low temperiture to produce polymers of branched and linear Aructure. 
Branches attached via the acetoxy group were removed by a proceS3 of 
hydrolysis and reacetylation. Thus poly(vinyl acetate) 
(PVOAc) 
polymers were obtained, which would undergo no further structural 
changes on hydrolysis. 
Fractions of linear and branched polymers were obtained, and 
then characterised, along with soTe commercial whole polymers, by 
viscometry (in toluene and tetrahydrofuran), oamometry and gel 
permeation chromatography (G. P. C. ). Comparison of the results 
showed that, -in the molecular weight range studied, fractions 
behaved similarly whether designated linear or branched, whereas 
whole polymers were shown to be definitely branched. A mathematical 
method of analysis based on viscometric and G. P. C. data, and assum- 
ing that hydrodynamic volume is the universal calibration parameter 
in G. P. G., was used to quantitatively assess the branching. 
Fractions of poly(vinyl alcohol) (PVUH) were obtained by the 
hydrolysis of fractionated PVOAC. These were also characterised by 
viscometry and G. P. C. in aqueous solution. Though a similar mathe- 
matical analysis was not possible, because G. P. C. calibration 
curves could not be correlated in terms of hydrodynamic volume, it 
was confirmed that none of the samples studied could be structur- 
ally distinguished. 
From these observations it was concluded that, under the 
conditions employed, and in the molecular weight range studied, 
long chain branching of PVOAC occurs mainly through the acetate 0 
group and is therefore removable by hydrolysis; and long chain 
branching in PVOH Is not particularly significant. 
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l. INTRODUCTICN 
1. 
The commercial applications of poly(vinyl acetate) (PVOAc) and 
noly(vinyl alcohol) (PVOH) are both numerous and diver3e. 
L, 2,27 
These polymers are used extensively in the coating:; and adhe', Aves 
indu3trie: 3, and PVGH has additional uses, for exam. ple in the textile 
and paper industries and in medicine. PVOAc is manufactured on an 
industrial scale by either emulsion or solution polymerization99 (for 
ease of polymerisation control) at elevated temperatures. These 
processes inevitably lead to polymers having branched structures. 
1 
In contrast, PVOH cannot be formed by a polymerisation reaction, 
since any attempt to -prepare vinyl alcohol monomer results in a 
rearrangement of the molecule to the more stable acetaldehyde. Thus, 
the polymer is usually prepared by the hydrolysis of a polymerised 
vinyl ester 
1'z (most often PVOAc). 
Much work has been carried out on both polymers due to their 
industrial importance; their chemical and structural properties have 
been extensively investigated from both scientific and technical 
viewpoints. The structure of a polymer markedly affects its chemical 
and physical properties, and ultimately its "usability". Thus, 
branching in PVOAc and PVOH has been studied for many years. The 
first report of the structural chantges that occurred in PVOAc on 
hydrolysis and subsequent re-acetylation, was probably that of 
Blaikie and co-workers 
4 
as early as 1936. But it was not until 1952 
that Wheeler5 proposed the mechanism of random branch formation that 
has now become generally accepted. 
Though the branching of PVOAc may be elucidýted from kinetic 
consideratinns5.7,8,9, the routine analysis of unknown samples of 
both PVOAc and PVOH has presented major problems. 
Attempts have been made to use a combination of techniques for 
this purpose, and most have met with some degree of success. 
19,94 
2 
A combination of viscometry and lightscattering (W) was suggested 
by Hobbs to determine the degree of long chain branching (LCB) in 
branched polymers, since L.,, can give important structural information. C. 
Reported measurements on very high molecular weight PVOAc 
(of the 
order of 2x 10 
6) 
in benzene, suggested that the non-Newtonian 
behaviour of solutions, was not an effect of LCB, but was determined 
by the high molecular weight. Further methods- 
100 
were devised based 
on sedirentation and diffusion effects, again combined with visco- 
metry, in order to determine a factor whose relationship to LCB 
had already been derived for several model branched chains. by the 
49 - theoretical treatments of Zimm and co-workers . With the advent of 
gel permeation. chromatography (G. P. C. ), less emphasis was placed on 
absolute techniques. The value of G. P. C. is that, although it is not 
an absolute technique, it can furnish an accurate representation of 
the molecular size distribution in a polymer sample, with relative 
ease and speed. It follows that, an analysis of molecular size is 
crucial to the proper interpretation of characterisation data. 
Unfortunately, the need to calibrate G. P. chromatographs has 
introduced further problems. The most significant advance came from 
Benoit and co-workers 
14- 
, who pointed out that, for a 
large number of 
polymers, irrespective of type of structure, a plot of [_QY, 
(commonly used as the hydrodynamic size parameter of a polymer), 
where n] is the intrinsic viscosity and M the molecular weight, 
versus elution volume produces a common curve. Thus having establi- 
shed the curve, knowing the elution volume and n] for a polymer of 
a different type, enables N to be determined. This method became 
known as the universal calibration (U. C. ), but must be qualified by 
the statement that, the separation mechanism of the G. P. C. column 
must be one of size, with the absence of specific 
3 
interactions between polymer and porous gel. The usefulness of the 
U. C. method, and hence its extensive use, has mainly been due to a 
lack of nrimary polymer standard3 (i. e. well characterised in terms 
of molecular weight and structure) for different types of polymer. 
Standards for polystyrene (I's) are readily available, coverinc-, r) a 
., 
e from a few hundred to many millions, and molecular weight ran- 
having very narrow molecular weight distributions-(X"O). (Typically, 
the polydispersity ratio (FI w 
171 
n) 
is less than 1.1). Provder 
101 has 
described a secondary calibration for linear PVOAc based on this 
method. By judicious use of a suitable 1-1, ark-Houwink (1,12) equation38,39 
which relates [-q] directly to ii for linear polymers, the measurement 
of [q] may ýe avoided. For branched polymers, the relationship is 
more complicated. In general, for molecules of the same type and 
molecular weight, a branched molecule will have a smaller size in 
solution and hence a lower ['ý] . The-lowering of 
n] however, 
depends not just on the existence, but on the extent and type of 
branching as well as the distribution of branch lengths. Hence much 
effort has been directed to deriving suitable methods for the inter- 
pretation of characterisation data of branched polymers. Furthermore, 
the universal validity of Mm as the correct U. C. size paxameter 
has been questioned54 , and much controversy has arisen in the 
literature. Other size parameters such as the mean square radius of 
gyration of the polymer molecule in a good solvent (< s2 >), and the 
unperturbed mean square radius of gyration (<s 
2 
>) have been pro- 0 
posed, but supporting evidence has so far been inconclusive. For 
most work the hydrodynamic volume Ufllrl is still the easiest para- 
meter to determine and hence use. 
Viscometry, both on and off line, has become the most often 
used method in combination with G. P. C. This is undoubtedly due to 
LI. 
the relative ease of the method, which requires little or no sophi- 
sticated apparatus, and its reproducibility and reliability. 
Goedhart and co-workers 
102 
used an on-line technique and reported 
reasonable reproducibility of molecular weights (compared with those 
derived from osmometry and L. S. ) of linear polymers. Their molecular 
weight data were derived from a U. C. curve using I'S standards. Park 
and Graessley'19191 , using a similar technique, analysed PS, PVOAc 
and poly(butadiene) (PBD). They concluded that calibration at high 
molecular weights was aided significantly by on-line viscometry, 
since this is the molecular weight region where branching is con- 
sidered most prevalent. They stressed the importance of accurate 
G. P. C. data. i. e. by correcting chromatograms for band broadening, in 
order to interpret correctly the E-ql data of G. P. C. fractions . Their 
analyses nevertheless appeared to underestimate Rw and branching. 
They assumed that the branching index X (equal to the number of 
branches per unit molecular weight) was constant, i. e. that branching 
increased linearly with molecular weight. This has subsequently been 
shown to be incorrect for some polymers 
63,78,79,94 
, which may account 
for the anomalies in the data of Park and Graessley. 
Many methods have been devised for the interpretation of G. P. C. / 
viscometry data. Those of Ambler 
6o 
, Kurata58,59, Cote57 and Drott 
46 
(and respective co-jorkers) have all relied on some interpretation 
of 
X 
a-, a constant, and have hence met with limited success. Wild 
and co-workers 
6z-64 
used a preparative G. P. C. technique with visco- 
metric characterisation of polyethylene fractions, but concluded that 
use of one of the other analytical methods gave sufficiently accurate 0 
data and was far less, time consuming. Ram and v. iltz 
61 
proposed a 
method that did not rely on an assumption about ý,, but allowed it 
to vary. Few of these methods have been applied to PVOAc. f-Iorishima 
5 
and co-workers 
94 
reported the analysis of FVOAc via the method of 
Kurata. They showed that 
X increased with conversion, but the 
data was subject to large degrees of error. 411d and co-workers 
reviewed the methols of Drott and ýiendelson, and Ram and 1-tiltz with 
reference to polyethylene (PE). They concluded that both methods 
gave essentially the same results, and showed that, for PE, was 
not constant. 
The question of hydrolysable and non-hydrolysable branching has 
always been dealt with by saponification5,75.9 studies (where hydro- 
lysable branches are chemically removed) or kinetically. 
5,7-9 
Attempts to quantify the amount of non-hydrolysable branching 
remaining, gter hydrolysis and reacetylation of PVOAc, by any of 
thp above methods dependent on molecular size, have not been reported 
in the literature so far. This work has set out to investigate a 
routine method for the analysis of LCB in PVOAc, by G. P. C. and 
viscometry, and in particular with respect to polyners containing 
only non-hydrolysable branches. S)imilar analyses for PVOH have not 
so far been attempted. Though aqueous G. F. C. is a relatively new 
development, separation studies of water soluble polymers have been 
made, with silica based column packings. 
104 There are, however, 
serious problems connected with silica based packings. They tend to 
show interactive effects, so that separations are not exclusively by 
size, making interpretation in terms of U. C. quite difficult. 
Furthermore, silica packings have the reputation of being unstable, 
undergoing a gradual decrease in efficiency. The problems associated 
with aqueous G. P. C. have been reviewed. 
103,105,106 
With the recent 
introduction of new, semi-rigid, hydrophilic Gels, an attempt has 
been made here to study some of the aspects of the aqueous G. P. C. of 
PVCH. 
2. THEORY 
6 
2.1 VINYL PoLYM'P, RI3ATI, ()1j' 
2.1.1 The lEechanism of Polymerisation 
Lhe mech,! Lnis! -,, of vinyl polymeri-ation, initiated by free T 
radicals has been well established. 
z6 There are four main reactions 
to consider: - 
1) Initiation 
An 'initiator' is decomposed under the influence of heat or 
ultra-violet (u. v. ) radiation to produce radicals. These radicals 
then react with unsaturated double-bonds in the monomer; 
I 
heat or u. v. 2 Re 
initiat6r 2 radicals 
Re + --C=C- R-CI-C'* 
monomer propagating 
species 
2) Propaýzation I 
Once a radical has initiated reaction with the monomer, a 
Propagating species is formed which adds more monomer to form a 
chain, 
IIKP 
R-C-C- + --C=C' 
propagation and so on 
rate constant 
The symbol P-CI-Cl- will be used to represent a propagating chain 
3) Transfer 
A transfer reaction occurs when a propagating species abstracts 
a hydrogen atom from another molecule, leaving itself unreactive. 
The second molecule may carry on the propa. -ation, thus reactivity 
7 
has been transferred. Transfer reactions can taice place with almost 
any species present, e. g. Ironomer, polymer, solvent or initiator, 
IIIf T-H > P-('-"-Il + T- (2-3) 
transfer 
species 
Termination 
The product of termination is unreactive polymer. Termination 
can occur either by the combination of two radicals (propagating 
species) to form one chain or by disproportionation to form two 
chains, 
IIII 
P-C-C. 
combination 
IIII 
P-C-C-C-C-P (2.4) 
1111 
+ 
disproportionation 
III 
P-c-c- 11 
In practice, termination by both methods can occur in vinyl 
'A 
acetate polymerisation', though evidence for a predominant dispro- 
portionation reaction at elevated temperature may be found. 
Z8 
2.1.2 Transfer Reactions and Branching 
The transfer reactions with monomer and polymer are those which 
lead to branching. 3 Depending on the type of transfer reaction, 
branches may either be of the hydrolysable type (i. e. detachable 
from the main chain by hydrolysis) or permanent (i. e. not removed 
by hydrolysis). In the absence of a specific branching agent, the 
resulting polymer is considered to contain randomly placed, tri- 
functional branch points only. 
The important reactions are illustrated below: - 
19 
1) Transfer to Poly 
a) Branching at the main chain, (Perm-anent) 
Kt '? II r, P-t- P-C-Ce + -OH--CHZ- III transfer I 
propagating OAc rate 
species polymer chain constant 
(repeating unit) + Lonomer 
I'! 
b) Branching at the acetoxy group, (hydrolysable) 
II Ktr, P, P-C-C. + -CH-CHF- 
transfer rate 
constant C=O 
I 
Uli 3 
+ 
> -CH-CHi- -ýH-CHF 
0 
1y 
U=U C=O II 
Ulll 2c FT 
(2-7) 
(further abstraction of vinylic hydrogens, (X and is considered 
unlikely 
29 (figure 2.1)). 
2) 
a) 
Transfer to monomer 
Through the vinyl group, 
IIK tr, m? - 0+ 
[". 1 
=0- (2.8) P-C-C- + CH ýCH CH =C > CH 212121 
UAC URC UAc 
vinyl acetate 
monomer (VAcf,! ) 
(2.6) 
UAC 
NI 
UAC 
II 
P-C-C-H + --CH-CHF 
u I 
C=O I 
CH2 
C) 
b) Through the acetoxy group. 
IIK tr, Q Cli P-C-C- + CH =CH =CH CH =CH 222 
C=0 
(I ; ti 3 ul'2 
CHE- 
Terminal Double-Bond Polymerisation 
a) Producing permanent branches, 
+I CH 2ýC- + RO R-CH Z-6- 
UAC UAC 
b) Producing hydrolysable branching 
(2.9) 
(2.10) 
+ 
CH 2 =TH + RO R-CH. -CH 
> R-CH 2-T H I 
OAc- UAC- OAc- 
It is clear from the reaction schemes that structurally identical 
polymers are formed, regardless of the route, for the same type of 
branching. 
Thus long, completely random branches can be formed, either by 
hydrogen abstraction from the polymer (2.6, Z-7) and subsequent 
growth from the radical sites produced, or by abstraction from a 
monomer molecule. In the latter case, small radicals are formed 
(2.8,2.9), which can initiate polymer chains having terminal double 
bonds (2.10,2.11), that may subsequently polymerise. The abstracted 
hydrogen atom can be one of three belonging to the acetate group or 
it may be one of the three vinylic (main chain) hydrogens. 
Terminally unsaturated polymer molecules can also result from the 
disproportionation reaction of termination (2-5); these, as well as 
those produced by transfer at the beta carbon of the vinyl group of 
1() 
the monomer (Fig. 2.1) and growth of a polymer chain therefro,; i, will 
have internal saturation and will therefore polyr, ýerise very slowly 
if at all. 
29 
H: ý Pa,, H 
HC0 
1 
C=O 
I 
H-C-H 
I H 
Figure 2.1: Vinyl acetate monomer 
2.1-3 Polymerisation Kinetics 
3 
The kinetics ot radical polymerisation have been well studied. 
In general, for any radical initiated polymerisation, in the absence 
of complicating reactions (e. g. transfer), equation 2.12 may be 
derived, 
K 
V= p -14 = K, 
2(-r Kd Kt) [I] 
(2.12) 
where V is the kinetic chain length defined as the number of monomer 
units consumed per active centre 
K d' Kp and Kt are rate constants for the decomposition of 
initiator, for propagation and for termination 
f is the fraction of the radicals formed which successfully 
initiate chains 
[NJ is the monomer concentration 
and (I) is the initiator concentration. 
The degree of polymerisation and hence the final molecular 
Ii 
weight of the polymer are related to V by equation 2.13 
n rp 
xnf (V) (2-13) 
where ý' 
n and 
Xn are the number average molecular weight and degree of 
polymerisation, and M rp 
is the molecular weight of the repeating 
unit. For termination by combination 7, n= 
2V and for disproportion- 
ation Xn=V. In practice, combination and disproportionation may 
occur together in the same polymerisation reaction and the expression 
for Mn will be further complicated when transfer reactions occur. 
2.1.4 Kinetic %termination of Branching 
According to FjorY25, the degree of branching by transfer with 0Q 
polyner increases with conversion. This is because the relative 
incidence of branching, must depend on the ratio of polymer to monomer 
in the system. If the fraction of monomer molecules which have 
polymerised out of a total number 11 0 
is denoted by () , and the total 
number of branches is 
Y, 
then the rate of increase in branching is 
given by equation 2.14, 
d^Y 
dt K tr, p 
[N E) N0 (2.14) 
and 
de 
=X [1-: -] (1 - e) 
(2.15) dt p 
Dividing 2.14 by 2.15 gives equation 2.16, 
dy eNo CN EV (i - E) d () Kp (I - E) p0 
Integrating 2.16 and setting 
Y/11 
Oe =P gives 
C (1 + 1- ln (i -e pe 
12 
Equation 2.17, and similar expressions developed for transfer 
to monomer, have been used, with various embellishmentst by most 
authors to determine the relative incidence of branching, kinetic- 
ally. 
7,8,10,24 
2.2 PREPARATION OF POLY(VINYL ALCOHOL) 
2.2.1 Hydrolysis of Poly(vinyl acetate) 
The hydrolysis of poly(vinyl acetate) (PVOAc) is not only a 
typical high polymer reaction but is also important for the manu- 
facture of poly(vinyl alcohol) (PVOH). Methods axe usually grouped 
into acid or alkaline hydrolysis andoar-omnolysis according to the 
7 
catalyst used. The general reaction is) 
PVOAc + nROH > PV-OH + nROAc 
Daring hydrolysis an important, irreversible, structural 
change occurs. Long side chains, which are attached to the main 
chain through the oxygen of the acetoxy group (figure 2.1) are split 
off, and although the polymer may be reacetylated, the long chains 
remain as separated molecules. 
4 
Since it is generally true that the 
likelihood of a polymer chain being branched increases as the size 
of the chain increases, on hydrolysis the longer chains will decrease 
in length and hence molecular weight, more than shorter ones with a 
lesser number or even no branches. This leads to a naxrowing of 
the molecular weight digtribution of the polymer as well as the 
expected decrease in molecular weight. Theoretical relationships 
may be derived to express the change in molecular weight as a func- 
tion of branching (section 2.3.6.1). 
173 
2.2.2 Properties of Poly(vinyl alcohol) 
The chemical and physical properties of PVOH can be greatly 
affected by the amount of residual acetate content (i. e. degree of 
hydrolysis) of the polymer 
1,2 
, as well as its molecular weight and 
any branching. It is much easier to ensure consistency from pro- 
ducts which have been fully (99-1007o) hydrolysed, than to attempt 
to hydrolyse different products to the same degree, if this is less 
than 99%. 
Commercially available grades can vary greatly in their degree 
of hydrolysis as shown in table 2.1. To illustrate the importance 
of the degree of hydrolysis on various properties of PVCH, some 
figures for comparison are reproduced here 
1 (figures 2.2-2.4). 
Clearly, working with fully hydrolysed products is required to 
achieve good reproducibility of results. 
2.3 POLYKER SOLUTION THEORY 
Polymer Dimensions 
As with low molecular weight compounds, polymer molecules in 
solution are in constant motion. In dilute solution individual 
moleýules may be considered to be moving independently. Depending 
on the interaction between solvent and polymer, the latter will 
tend to curl up or straighten out. The separation of chain ends 
(in the absence of solvent influence) can be predicted by a number 
of theoretical models. 
31 The most comprehensive leads to equation 
2.19. 
<r 2 >= na 
2 ýl - cose 
0 (1 + cos 8 
CLASS OF PVOH TIYDROLYSIS 
DEGREE 
-VISCOSITY GRADES cP. (a) 
Fully hydrolysed 100 66 
98 4.. lOt4Op56 
Partially hydrolysed 88 4., 8, l8p4O 
(a)4% aqueous solution @ 25 0c 
TABIE 2.1: Various Grades of PVOH Available under the 
Commercial Name "MOVIOL"*(1972) 
NAIS EQUATION(S) USE 
HUGGINS + KR32c most generally useful 
sp 
KRA1,31M irm r +K fT2c used with the Huggins 
c equation to check 
MARTIN to log('ý /C)=log1%+K1fl1C useful if Huggins plot 
sp shows upward curvature; 
validity atoo-dilution 
not fully established 
SCHULZ- not often used but 
BLASCHKE SP generally linear over a 
wider range than Huggins 
HELM Vc proposed as an alterna- 
sp tive to the Huggins- 
Kraemer double plot 
c/ln-q Vic 
r 
TAKE 2.2: Equations for the Manipulation of Viscosity Data. 
8 
I 
-6tal 
C4 
. 
9 
R 
0 
to 
C-) 
S 
4) 
I- 
a 
CL* 
0 
a CN 
0 
trw 
%Z 
c 
C 
LA LL 
0 
Ld 
91 
I 
2, 
Eý LZ 
0 
3 
0 0 
be 
co 
14 
LA 
0 (71 
OD 
0 
N 
0 4D 
CD M 
R 
0 
AIISOOSIA OISN DJINI 6ol 
1.4 
2 .1 where <ro>7 is the root mean square (rms), unperturbed, end-to- 
end distance of the chain, n is the number of "links" of leng'Jn a 
and E3 is the characteristic bond angle. The value cosT takes 
into 
account the restricted rotation of side groups about the chain, and 
is averaged over the whole chain. This model assumes restricted 
but symmetrical rotation. 
The polymer molecule in solution may be represented by the 
25 2 
model of an equivalent impenetrable sphere. The value of<c 2 O> 
is not however a specific dimension of the sphere but merely the 
distance between the ends of the polymer chain. The rms distance 
of any chain segment from the centre of gravity (i. e. the centre of 
21 
the imaginary, sphere) is called the radius of gyration<sý. The 
two -are related by equation 2.20, 
1 (2.20) 
Long branches in the polymer chain decrease the value of<s 
2 
6>1 
but since branched chains have a multiplicity of ends, the definition 
I 
of. c:: ý , 
2ýý 
becomes rather meaningless in that context. 
0 
In solution, interaction with solvent causes the polyrier dimen- 
sions to change. An expansion factor C4 may be defined, where 
11 
<r 
2 I<r 2 5,0 (2.21) 
242i 
<r :> is the actual rms end-to-end distance of the polymer and <r 0> 
I 
is called the un-Y. )erturbed dimension, i. e. the value of<"r'ýý2 when 
OC 
is unity. 
In a sufficently poor solvent or at a low enough temperature 
it is possible to achieve the so-called theta-point where interaction 
with solvent I is so small that OL becomes unity. 
31 
15 
Viscosity Equatiom; 
The single, most valuable, property that can be measured easily 
for most -polymers is the intrinsic viscosity 
[11]. This T. -, ay be 
related to many important parameters of the polymer solution. 
Intrinsic viscosity is defined as the ratio of specific viscosity, 
-%p 
, to concentration, at infinite dilution. 
'fl 
Lim Lim ISP (2.22) 
C -> C_> C " I'S 
where 
'ý 
and 
'fl 
s axe 
the viscosities of solution and solvent respec- 
tively. 
There are many equations used for the determination of intrinsic 
viscosity and these have been reviewed. 
31-35 
The most usual method 
involves the double plot of the Hug ins and Kraemer equations, 2.23 1ý9 
and 2.24 respectively. 
-qsp (2.23) 
in In'q (2.24) 
C 
This method, however, has been criticised36 , since only under 
limited conditions do the two, plot-- have a co., imon intercept. The 
difference arises froým the nature of the derivation of equation 2.24. 
The Taylor exp, "sion of a function in (1 + x) for IxI <1 is: - 
ln (1 + x) =: x- !x2+11_14 2yT, ýx + .... 
(2.25) 
substituting x= 11sp ý -qr-l oives 
In 'fl -q 2 -1- 
131 Zý 
a00 (Z. 26) r=s 
'%p 
3-qsP - ZT-qsp +* 
In 'fl 11 
and + 
16 
Substituting '% 
p 
/C from equation 2.. '3 and ignoring terms in 
gives: 
In -q 2 nj + DE E -q ul 
E-qJ + K, E-ql, ý +K E-q 
], C 2 
a 
Clearly, only when IK =1 (Y'J' is equation 2.24 accurately H3 
val-Ld, and -furthermore, if K-K0, equation 2.24 becomes HK 
dominated by higher order terias, and is no longer linear. Forcing 
a common intercept under these conditions introduces serious errors 
into the determination ofEfl]. Again due to the nature of the Taylor 
-q r expansion, admissible values of 
-qr must lie in the range +l< < 
+2. Even so, as 
-q. 
approaches a value 2 (i. e. x approaches 1) the 
series converges very slowly, and it has been shown 
34 
, that for 
^qr ý 1.8 as determined from equation 
2.29, differs from its true 
value by i-aore than 1; 15 until terms in 'flsp 
6 
are considered. This too, 
can lead to large errors in [-Q. 
There have been numerous further equations proposed to overcome 
these difficulties. 
34,36'37 Table Z. 2 summarises some of these-, yet 
more are considered by Berger. 
32,33 In this work, the Huggins 
equation (equation 2.23) has given good linear fits to the data 
where anplied, and the value of Ell] thus derived has been used 
throuý-, hout. 
2.3.3 The Flory-Fox ý, quation 
Intrinsic viscosity may be related to the dimensions of the 
molecules in solution. For linear polymers the Flory-Fox4l, 
42 
equation states that 
17 
2 
[m]= 
(. 3) 
where is a un-liversal constant. I. ý the term <& 
2>is 
substituted 
f or CCýýr > (equation and equation 2. -i(ý rearranged, equation 
2.31 is given, 
r, 2 -11/2 
1 <r, >l 
L -7-J 
(2. JI) 
m 
2-,. / a first approximation<r, L, is constant and, if 
CL>>l it 
. Lo 
is found that -Equation Z-31 can then 
be re-written 
['fl] = K!,. '; 
o. 8 
For a theta solvent OLis unity, hence from equation 2.31 
, 
Iven by [-q]is p 
[^qj= Ke `0-5 
where KT (<r 
2 /T, T) 3/2. 
2.3.4 The Ark-Howink Equation 
(2-3z) 
(z - 33) 
Probably the most useful equation involving the intrinsic 
viscosity ([-q]) of a polymer is the semi-empirical ý'Iark-llouwink 
(. 
"'I) 
equation, relatin, - [fl] directly to the molecular weight of the 
polymer, 
3V9 
[-fl] ý ja 11 (2-34) 
The iii equation is based on, and is a good approximation to, the 
more rigorously derived Flory-Fox equation (equation 2.32) when the 
exponent 'a' lies in the range 0.5-0.8 as given by equations 2. '12 
and 2 -'13. 
The values of K and a are presumed constant for a given polymer/ 
solvent Dair. They axe best determined by measuring the molecular 
Jq 
weight (by an absolute method) and 
E-q] 
of a series of polymers of 
narrow molecular weight distribution A most important point, 
previously overlooked by some workers, is this; having used narrow 
fractions to determinp Ir, and a, in order to use the results to 
determine an average molecular weight of an unknown sample, the 
unknown must have a similar 1. ", WD. Otherwise the molecular weight 
determined corresponds to what is termed a viscosity average mole- 
- 4c, cular weight El, v. 
This compares to the number and weight average 
molecular weight 
4o 
as follows: - 
number average F, =- 
T- ii (2-35) 
n 14 i 
Ili "i 
2 
weight average 
>N Ili 
(2-36) 
yi,, 
(1+a)- 
viscosity average 
li (2-37) 
v-ZNi Ili i- 
where N1 is the number and 1., 1 
the molecular weight of species i in 
the sample. As the value of a approaches unity, ; -i v 
is taken as a 
good approximation to L, w 
The value of a is usually found to lie in the range 0.5-0.8, 
but over an extended range of molecular weight the log I-q] vs. log Ii 
plot is both theoretically and experimentally curved. 
39 The constants 
. 
39 F K and a are also found to vary slightly with temperature Further, 
for many polymers at low molecular weights there exists a more or 
less extended linear region where the equation 
, 0.5 Ko M (2-. 38) 
is obeyed. 
40 
The constant Ko is found to be very close to K 0, the 
characteristic value in a (3 solvent at the sane temperature in the 
19 
absence of large, specific, solvent effects, even though conditions 
are far from being those of ae solvent. 
2.3.5 The Effect of Branching 
3o far the discussion has considered mainly linear molecules, 
where the preceeding equations and derivations hold quite well. 
When these are applied to branched polymers, in general the theories 
begin to break down. Above a limiting molecular weight (IM 0) 
the 
logarithmic plot of equation 2.34 begins to show negative deviation CD 
from the curve (figure 2-5). 
Of two samples of the same molecular weight (and MID), in 
solution the, branched molecule is reDresented by a smaller hydro- 
dynamic volume, and has therefore a lower intrinsic viscosity. The 
effect depends on the type as well as the extent of branching. 
As a consequence, any results from characterization techniques 
that rely on the size Of a molecule in solution (e. g. viscometry, 
gel permeation chromatography (GPC), etc. ) have to be treated with 
caution. As an example of this, althour,, h a branched polymer might 
give an apparently normal chromatogram from GFC, the values of 
molecular weights and distributions cannot be calculated as simply 
a 'or a linear polymer. Since a branched molecule in solution is s. 
smaller than its linear counterpart having identical molecular 
weight, it will occur later in the G. r. chromatogram. 
4o, 45 
Therefore 
in any particular increment in elution volume, molecules havin- a Q 
wide range of molecular weights may exist, but all having the same 
hydrodynamic size due to different extents of branching. Thus, 
superimposed on the already distorted molecular weight distribution 
(rýdD) curve nay be a further distribution due to different sizes 
and extents of branching. It Is a very complicated matter indeed to 
23 
attempt to calculate accurate ýmolecul, -Lr weight data for branched 
polymers, which is complicated even further when the GPG is cali- 
brated using polymer r-, tandards of a different type. Procedures have 
been outlined and some of these will be discussed (section 2.4). 
The occurrence of both long and short branches causes different 
effects in the polymer. Thou7h short branches occur much more 
frequently, they do not appear to have any effect on the GPC trace. 
46 
2.3.6 mathematical i-'odels for Branching 
2-3.6.1 Hydrolysable Branching 
Consider a randomly branched polymer containing tri-functional 
branch points, only# and having branches comparable in length to the 
back-bone chain. Further, consider only those branches which will 
detach when the polymer is subjected to hydrolysis and then 
reacetylation. 
If the number of chains of degree of polymerisation Ri is Nis 
and the number of branch points on a chain is 'ILO' then, on hydro- 
lysis and reacetylation, the number of chains increases from N1 to 
Ni (-rLj, 3 +1) 
(figure 2.6). The number of chains after reacetylation 
is therefore given by 
Ni, 
a ý 
'Ti, b (Tti. 3+1) (2-39) 
where subscripts 'b' and 'at refer to before and after hydrolysis 
and reacetylation. The weight of each species wi is related to 11 
and its molecular weight Ai by 
NA 
where NA is Avogadro's number. 
(2.40) 
Since the total weight of polymer (= 2: wi) remains constant, it 
w I 
D 
-J a > 
z 0 
w 
IHOSMuvin03 ION 601 
H 
1: 
EL 
-I- 
I- 
21 
I follows from equation 2.40 that N1 is constant. 
Taking the usual definitions of number average molecular 
weight, viz 
F-"*ilb lli, b 
Im n (b) -T Ni, b 
F- "i, a 
11 i, a 
n(a) Tli, a 
(2.42) 
and defining the number average number of branch points b3' 
n, 3_ (b) 
From equations 2.41 and 2.42, 
FN 
n (b) i (a) 
F-(Ni, 
b 
YN Fin(a) "i (b) 
-i 
(b) 
which on expansion and rearrangement leads to 
'n(b) 
"n(a) 
(2.43) 
(2.44) 
(2.45), 
A similar expression for the weight average number of 
tri-functional branch points per molecule is more difficult to 
8 derive. An expression equivalent to equation 2.45 with 11ij n substi- 
tuted for Ew has little meaning. This is unfortunate as a weighted 
The value of average is generally more sensitive to branching. 
^fLn, 3 may be calculated simply from the absolute values of F 'n(a) and 
F, 
n(b) 
(from e. g. osmometry), but this method is destructive and 
affords no information on non-hydrolysable branching. 
22 
2.3.6.2 The ", imm-Stockmayer ,?. qu. ation,, -, 
A much used concept in the attempt to interpret branching data, 
is tiat of the ratio of the radii of ", ration of branched and linear 
molecules, of the same molecular weight. 
47 
zb 
(2.46) 
2, <s 
where subscripts refer to branched and linear species. 
According to the Flory-Fox equation (equation 2.30), 
(X <r 
2 3/2 I'M > (intrinsic viscosity) 
21 
where<r >, is the root mean square (rns) end-to-end distance of the 
polymer chain. 
22 3/2 
For linear molecules<r > cx<, I. -ý>, therefore 
['ffl 
(X<-s >. 
If the same holds for branched molecules we may write, 
2 3/2 2 3/2 
gg __ 
E'fllb <r >, 
--= 
<3 >b 
9 
312- (2.47) 
E1111 <rz 372 <s 2 312 >1 >1 
In general however, this relation has no validity. 
47 
The 
spatial arrangements of polymer segments is different for branched 
and linear molecules, and increase in molecular weight affects<s 
2> 
differently for the two species. For a branched polymer the relation- 
ship between <r 
2 
and<s 
2 
>will depend on molecular weight, and the 
length of branches present, as well as the extent and type of 
branching, i. e. comb, star, random, etc. 
43 
Furthermore, in a molecule 
?-4 
which has a multiplicity of ends, a definition of<r >ý as the r. m. s. 
end-to-end distance of the chain is rather meaningless, although the 
ratio g may still be applied. 
The value of g (equation 2.46) can be directly related to the 
branching of polymers via the Zjimm-Stocknayer equations. 
49 
23 
For a tri-functionally, randomly branched polymer such as 1-IVUAc, 
the equations for long chain branching (L. C. B. ) are 
1 L; 
T 
9TE 
for monodisperse systems, and 
6 (2 + 13, w)ý + 
-fL3, 
w] 8*1 _ ln (2.49) 3, P z ; %3, w 
-(Z 
+ ýTb, w) 
13, 
wJ 
for polydisperse systems. 
is the number averaýye number of branch points per molecule, U, n 'ý> 
-e number of branch points per molecule. and 7bpw is the weight averao, 
A further equation was proposed, to take into account short chain 
branching (S. 'C. B. )50, 
El/(s+, )] x El + s(1-2r+2f2-2f3) + S2(_: r+4f2-f3)] 
(2-50) P'SCB ý 
where s is the number of short chains per molecule, and f is the 
fractional branch length. 
(Long branches are usually considered to be comparable in length 
to the polymer rain chain, whereas short branches axe usually pendant 
groups, only about half a dozen atoms in length). 
When considered necessary, the two types of branchinE-; may be 
incorporated in equation 2.51 
9ý LCI3 CB (2- 51) 
It is generally found tMt the effect of an , U3 on viscosity is 
about 1-o' that of an Ik; B. 
Although the value of C, ' can be easily measured, the relation 
91 = f(g) is largely undefined, and mostly empirical. The majority 
of workers favour a function of the type ! ý' = r, 
b, 
where the vabic of 
24 
b is found (er-,.,,, )irically) to lie between 0.5 and 1.0. *, any authorý, ý 
circumvent the issue by adopting a rather unsatisfactory method of 
choosiwr, whichever exponent 7ives the best fit of the experimental 
data to theory. 
'o far, there has been no method developed for directly measur- 
iný-, TL,., ex-nerimentally. In practice g is estimated and compared with 
- 46 
tables of v5. to obtain the corresponding values ofj 1 
51 i 
1.4 w, 
This is then related to a branching index 
X (the number of branch 
points per unit molecular weight) by 
'Ytw 
or xý (2 -52-) 
where v', is the molecular weight of the polymer 
(presunably Xw). The 
branching index is presu. ned to remain constant, with 14,3 varying 
linearly with molecular weight. 
46 
This assumption, however, is not 
universally valil. For polystyrene 
X 
has been shown to be more or 
5(), 1 . 8,79 and PVUAc 
94 
less constant , but for poly(ethylene)7 
-rouni to vary considerably, with molecular weight, though much con- 
flicting dat: ý, exists. If polymers are randomly branched, and the 
branches are fairly long, then as the relative incidence of branchin. n, 
increases (with rolecular weight) so the probability of the branches 
themselves becoming branched increases. Under such circumstances the 
linear relationship is unlikely to hold. 
2.4 CHA: q-ACT_'-RTATI., YTi 
I clany techniques have been used in combination in an attempt to 
determine some sort of branching parameter for polymers. The most 
often used method3 include light scattering viscometry and 
f,, Pl permeation chromatography (GPC) , though sedimentation an. d 
25 
diffusion measurements have also been made. All these methods have 
22 
been the subject of a recent review. 
Light scattering, and sedimentation and diffusion are techniques 
requiring fairly sophisticated equipment and a ,; ood deal of pains- 
taking care and expertise by the operator. For this reason most work 
has been done by GPC and viscometric techniques although, as on-line 
light scattering detectors for GP(I are becoming more widely available 
(and reliable) the current situation will no doubt change. For the 
-oresent this work has used the viscometry/GP(, method since both these 
are prbf-tically, fairly simple techniques, and discussion will be 
confined to these. 
2.4.1 Calibration of GPC 
One of the pre-requisites for obtaining accurate molecular weight 
data from GPC is the existence of a good calibration curve. This is 
usually a plot in the form of equation 2-53P 
log I' = f(v ('ý' . 53) 
relating molecular weight (PI) to elution volume (V e 
). Though the form 
of equation Z-53 may be linear over a small range of molecular weight L., 
(maybe 1 or 2 decades) it is more often of the form of figure 2.7. 
Calibration procedures fall into two major categories; by narrow 1, JD 
fractions (or standards) and by broad standard polymers, 
2.4.1.1 Calibration by Narrow Stand, 3xds 
45,52 
If polymers having a polydispersity ratio (D = T,. /Tin) < 1.1 of 
known molecular weight are available for the type of polymer to be 
analysed, and spanning the expected range in molecular weight, the 
calibration curve may readily be determined. Chromatograms are 
26 
obtained for each of the fractions and the elution volumes correspon- 
ding to the peak of the chromatogram (V peak 
) are identified. 6ince 
D<1.1 the molecular weight averages n, 
i'l 
v and i: i w can 
be assumed 
more or less to be equal. A slightly more accurate method is to use 
the geometric mean given by equation Z. 54 
peak nxý, Iw 
(2-54) 
Equation 2.54 assumes that the chromatogram can be represented by a 
symmetrical Gaussian function. 
The data enables a plot of log i,, peak vs. 
V 
peak 
to be constructed 
for the calibration curve. 
2.4.1.2 Calibration by Broad standards52 
For anything but the most common polymers narrow standards are 
not usually available. Even when they are, a few are reasonably 
priced, others extremely expensive to purchase. Broad standards are 
however more readily available, but identification of i', peak may 
be 
more difficult and less accurate. For this reason, several methods 
have been devised for establishing a calibration curve under such 
circumstances, and some of these have been discussed. 
52,65 
2.4.1-3 The Universal Calibration 
As already stated, well defined standard polymers for GPO 
calibration are generally only available for the more common polymers. 
However, since the introduction by Benoit 
14,53 
of the concept of the 
universal calibration (U. L. ), it is now possible to convert calibra- 
tion curves from one type of polymer to another. 
According to U. C. theory for many polymers, regardless of type 
or structure, a plot of the product of molecular weight and intrinsic 
2 
viscosity (, mnj often referred to as the hydrodynamic volume) versus 
elution volume falls on a single curve. Thus 
[rn]2 "=2 (2-55) 
This enables the molecular weight of a polymer to be deteri-dned 
as long as its intrinsic viscosity is known, regardless of the type 
of polymer used for calibration. 
However useful this theory is, there has been imuch discussion 
and disagreement in the literature as to the actual form the U. G. 
should take., Dawkins 
55 
considers that the separation depends on 
<s2>, but also showed that, for linear polymers, [11]; f gives equally 0 
good correlations, so that there were no grounds for choosing between 
5,14- 
the two. In contrast, Pannell has suggested that [-q]M is not the 
aD-Dropriate U. C. size parameter to use for branched molecules, and 
rroposed the use of <s2>3/2. 
The view exDressed by Casass a56 and co-workers was that only 
through a detailed study of the elution behaviour of branched polymers 
might it be possible to decide which was the appropriate parameter 
to use. Contrary to previous studies, Pannell showed that some 
branched polymers eluted later than their linear analogues of the 
same Although he criticized the use of <s 
2> 
and favoured <s 
2> 
0 
(the mean square radius of gyration in a good solvent) he was unable 
to provide accurate enough data to support the criticism, citing 
only unpublished work by Nagawasa. Working with branched and linear 
polystyrene in toluene, Napawasa also claimed that his polymers gave 
a bad U. C. using E-(OY, but that <s 
2ý, 3/2 
, as preferred by Pannell, was 
the correct parameter. . Hamielec 
zo 
and co-workers also examined the 
= : ". 3[-q]3 ý*'** at constant Ve 
29 
U. C. and concluded that most discrepancies arose out of the incorrect 
use of EW in the hydrodynanic volume. They showed that the correct 
vcxLwL to use was i n* 
Ohilst controversy still exists, the use of 
[fljvý still continues as probably the easiest parameter to calculate 
and no exception is made here. 
2.4.2 Characterisation of Branching 
There have been numerous attempts by workers to develop systems 
for the interpretation of chromatographic data from branched polymers. 
Ance GPC alone cannot furnish unambiguous data, use has been made of 
the intrinsic viscosity of the polymers, and data aw- usually mani- 
pulated via the universal calibration. Some of these systems will be 
outlined here. 
2.4.2.1 The ]. ýethod of Drott and Mendelson 
46,51 
In this method, a branching density 
X is defined depending on 
the type of branching expected. For a polymer in which the ratio of 
the number of branch Doints per molecule (-Qw, 3 
) to the molecular 
weight is essentially constant for all molecular weight species in a 
given sample equation, 2.56 is written, 
_fLwIl-2 
= constant 
I'll 
(2.56) 
This is then substituted into the appropriate Zimm-Stockmayer 
equation 
49 (section 2-3.6.2) to obtain equation 2-57, 
6,1 = X) w f(. 11 
Using the definition of g' 
IT b (2-50)) 
ITO' 
ptzi 1 and b refer to lin (where subscri- ear and branched species), 
29 
I the *, ýtrk-llouwln'< equation ("). 34) giveB 
-ql 
b (2-59) 
-)'j-nce 
it is gencrally assuined that and arc, related by an 
equ---ition of the form or 2. ('DCý 
b - (<3>w) 
where b is a constant in the ran-e 0.5-1.5, equation 2-59 may be U 
expressed in the more general form 
['fl] b ý- K', ' ,. ' 
X)]b (, --. 61) 
For a pqlydisperse polymer it is assumed thatEýqj f or the whole 
polymer may be represented by the weighted sun of the viscosities of 
the individual species, i. e. 
Im whole = 7- E-fo 1 wi 
(2.62) 
where w1 is the weight fraction of speciez i. Accepting that the 
normalized heights (hi) of a GPC trace can be taken to be proportional 
to the weight fractions (w, 0 h, ) gives 
E-fl IF _f] whole E 
.a -' 
F) ]b 
_ 
hi: !ýEf Uj X Mb ý 1, i 
A value for b is chosen and, assuming constant 
X, 
an iterative 
method is employed (usnally by computer) to match['ý] (equation 2-64) b 
with the measured [fl] for the polymer. 
In rýeneral th,: ý value of b (equation 2.60) is largely eii-apirical 
(section 2.3.6.2) and bas, -d on invalid assum. _ptloms, and 
it is not 
7S , 71, - generally acceptel th-it 
X i-, constant for all types of po'lymer. 
lyý 
This method, though useful, is thereforp oP limit, -d ap, -)ic-ibil-ity. L. L'- 
2.4.2.2 SJimilar "Athods 
, -, 7 
There exist other riethods by f, ote- , IDirati - '/' and kabler 
ý 
ror exanple, but these are more or less based on the Drott method 
with !, ýnor dIP-Perenrec- or -r-finement-, 
2.4.21. ý 'The Ilethod of *Jild, Ranganath and liyle 
64 
The method investigated by '. Tild -and co-worlkers involves the 
preparative fractionation of the unimown sample with and visco- 
metric analysis of the resulting fractions. This -, ýethod however 
involves conýýiderable experimental equipment, a fairly substantial 
amount of sample, and is time consuming. Each fraction is analysed 
to yield branching data and this is then collected to give a picture 
of branching for the whole polymer. 
2.4.2.4 The Ram-and "iltz 'ýethod 
61 
Lhe method employed by Rain and ", iltz vias intended to circumvent I 
the -oroblem of degree of branching varying with molecular weight. 
Thpy extended the i-ark-Houwink equation into polynomial form: 
23 
ln ln K+a ln +b ln Ii +c 1-n 65)o 
for polymers whose molecular weight was sufficiently high enough for 0 
Below this minimum molecula. ý weight (,., branching to be present. , 0) 
the ordinary A-Ark-Houwink equation was used. 
Since f or 11 = 1,: 0 
b ln 2 1* 0+c 
ln3 yýo = C, (2.66) 
the last term coefficient may be written as 
31 
Cb 
('-. 67) 
In 1 
0 
A cyclic iteration is then employed to obtain the required data. 
As a first approximation the universal calibration 
(assuming equation 
2.55) and - , 'H equation are used 
to convert the chromatographic 
elution volures to a molecular weight calibration for the polymer. 
Then using equation 2.69, 
n1calc ýF Efl]ihi = 
ZEhjKMj 
(a + blnil + cln 
2 
(2.68) 
a value for b is iterated so that matches measured. I'Mcalc ' 
This value of b is then used in the extended i-IH equation, again with 
the U. C. to obtain a second estimate of M,, A second value for b is 
then calculated as before and the whole process continued until 
successive distributions differ by less than 11o' (or to the accuracy 
required). 
2.4.2-5 Comparison of Methods 
63 
Ram and Jild et al. conpred the two methods of Drott and I 
formed the following conclusions: 
Although the D and 1, method gives slightly higher 1, '., w values at 
the high Eý end of the chromatogram than the R and 11 method, 
both lead to essentially the same molecular weight distribution 0 
data. 
2.3ince both methods are virtually equivalentIthe D and ii method 
is to be preferred on the basis of the reduced computer time 
required. 
3. For more detailed studies of branching the more complex (but 
more complete) method of Wild, Ranganath and Ryle 
64 
should be 
used since the wsumption of constancy of 
X 
is not true for 
32- 
many polymer types. 
A problem hitherto unmentioned with the R and 1-1 method is the 
fact that, when dealing with broad chromatograms which may extend 
over decades of molecular weight, the assumption of linearity of the 
llýH equation mkv introduce unsuslx-. cted errors. 
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'1.1 r, "F POLYVINYL(A(ýHITX-': ý) itsPARATION ý 
3.1.1 Polymerisation Techniques for Vinyl_Acetate 
Vinyl acetate monomer (VAcMi) may be polymerised. by most of the 
rv-dic", PrOCO-sGes 
3, 
e. g. bulk, solution, emulsion and suspension 
(pearl), according to the greneral react! on 
2- + nGH 2ýCHOAc > R(CH 2 -k, 'HOAc) nH+ 
21.? nKcal 3 
The characteristics of the four methods mentioned above have 
been summarized in table 3.1. 
Emulsion and suspension polymerisation were not used in this 
work to avoid contamination of the polymers by emulsifiers or sus- 
Dending agents. This also avoids the possibility of these agents 
becoming chemically included in the polymers. 3ince branched poly- 
mers were to be made by bulk polymerisation it was considered nore 
consistent to make linear polymers by this method also. Thus, 
although solution polymerisation is easiest to perform, bulk poly- 
merisation was chosen as the technique for the purposes of this work. 
. 1.1.2 Ere-oaration of Monomer 
Vinyl acetate monomer (VAcY, B. D. H., RAUH& with 14 p. p. m. 
quinol) was used for the preparation of poly(vinyl acetate) (PVUAc). 
The stabilizer was removed by distillation of the monomer once 
through a Vigreux column at 500C, under - reduced Dressure (330 rmri 
with a nitrogen bleed. Before distillation the monomer was saturated 
with dýy nitrogen at room temperature, and on distillation the-middle 
fraction was collected. Purified monomer was used immediately. i'lore 
rigorous purification was found unnecessary since, at the low tempera- 
tures and conversions used for the preparation. of linear I-IOAc, side 
reactions such as chain transfer are negligible. At high toia2eratures, 
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transfer reactions increase causing the polymer to branch. Drying 0 
the monomer was also unnecessary since the monomer was ý. ýpecified to 
contain less than water and it has been reported3 that up to 5ýj 
water has little or no e'fect on the polymerisation. 
PreDaration of Initiator 
In all cases azobisisobutyronitrile (AZB, ', ', Aldrich) was used as 
initiator since decomposition to radicals follows well defined 
ki. netics, and in vinyl acetate polymeri2ation AL13N i8 not prone to 
transler reactions. 5 
The initiator was twice recrystallized from absolute ethanol 
(S. L. R. ) by cooling a saturated solution, obtained at OOC, to -200 
in an acetone/carbon dioxide bath. The white crystalline solid 
obtained was filtered under suction, washed with small quantities of 
ice-cold methanol (6. L. R. ) and air dried before storage at -200C. 
3.. L. 4 Polymerisation of Vinyl Acetate 
3.1.4.1 Low Temperature PolyMerisation 
According to Burnett 
6 
et al. polymerisation of VAcn below QOO Cr 
initiated by the photo-decomposition of A20N, resulted in predominantly 
linear polymer. Accordingly a low temperature reaction system was 
3evised (finLres 3.1 and 3-2). To reach temperatures of -4GOC a 
water/methanol/carbon dioxide bath was used. Ethanol is transparent 
to ultra-violet (U. V. ) radiation at these temperatures and was used 
as coolant for the lamp. 
VAc- (170 ipl) was introduced into the reaction vessel 3nd cooled 
to GOC. A solution of initiator in ice cold VAL (5 ml) was added 
and the mixture purged overnight with dry nitrogen. 
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Before the start of the reaction, the nitrogen purge waz 
replaced by a simple nitrogrn blanket and the temperature reduced 
0 tched on. (To to -4() C using solid C: 12. The U. V. lamp was then s: wit 
guard against the hazar, ' of exposure to U. V. radiation, the apparatus 
was assembled inside a fume cupboard, whose glass front had been 
covered with-a layer of thick paper and aluninium foil). Reaction 
was allowed to proceed to ý5, '2 conversion. To determine conversion, 
a small amount of reaction mixture (5-13 "11) was renioved from the 
vessel and poured into an excess of carbontetrachloride 
The precipitated polymer was t'hen dried in vacuo an,.: L weighed. Final 
conversion was determined gravimetrically. 
In practice, despite cooling, the reaction warmed to -50C after 
15 minutes (section 3.1-1). Rather than make use of more complicated 
cooling equipment, it was decided to run the reaction for 10 minutes, 
then cool back to -40 
0 C, continue for another 10 minutes, re-cool 
and so on, in a stepwise fashion. 
'Alhen thecbsired conversion had been reached the polymerisation 
was stopped. IExcess Ucý; was removed by distillation at reduced 
pressure leaving a syrup of polymer in monomer. Acetone 
was added to form a thin "soup" and the whole added dropwise, with 
vigorous stirring, to a large excess of isopropanol in 
hexane (S. L. R. ) (1: 5 by volume, since VAce, is not mAscible with 
hexane alone). 
The recovered T)olymer was dried and reprecipitated from methanol 
(S. L. R. ) into distilled water twice more before being finally dried 
in a vacuum desiccator. 
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3.1.4.2 Polymerisation at High Temyrature 
To produce a polymer with substantial branching, VAciq was 
polymerised to >8(rý conversion at high temperature in a sealed 
ampoule. Initiation was through the thermally induced decomposition 
of AZBN. At high temperatures transfer reactions which cause a 
polymer to be branched become increasingly significant. 
Destabilized VAcNI (40 ml) with the required amount of initiator 
was added to an ampoule. The monomer was degassed four times on a 
vacuum line by the freeze-thaw method, then the ampoule sealed. The 
ampoule was protected by an "orange net" sheath (in case of explosion) 
and suspended in a water bath at 80 
0C for - 90-100 minutes, when the 
polymer resembled a gel. Polymer was recovered by smashing the 
ampoule, adding acetone (Z. L. R. ) to form a "soup" and continuing with 
the recovery as described for PVOAc produced at low temperature 
(section 3.1.4.1). 
3.2 PUPARATION OF POLY (VINYL ALCOHOL) 
3.2.1 Hydrolysis, of Pol y(vinyl acetate) 
Ilethods of hydrolysis are usually grouped into acid or alkaline 
hydrolysis, and ammcnolysir, according to the catalyst used. The main 
reactions are 
1 
a) Alcoholysis: 
PV-UAc + nROH acid or alkali 4,, PV-Oli + nlROAc (3-2) 
b) Hydrolysis: 
acid or alkali PV-OAC + nH 20;; -ý >PV-OH + nHOAC (3-3) 
'37 
c) Direct hydrolysis: 
H 
PV-OAc + nNaOll 
2 PV-OH + nNaOAc (3.4) 
d) Aminolysis: 
I H20 
PV-f2Ac + n. T; R 1R2 
>PV-CH + nAcAlli 1R2 
e) Ammonolysis: 
NH Cl or NH OAc 
PV-OAc + nNH 3 
'4 4> 
PV-OH + nAcNH2 (3.6) 
: Amultaneously, side reactions vray occur 
ROAC + NaCH 
20> RIM + NaOAc (3-7) 
HOAc + NaCH >H 20+ NaOAc 
(3-8) 
and residual amounts of monomer may be converted to acetaldehyde: 
14 or -01i V-OAc + R'OH =>CH 3 CHO + ROAc 
(3-9) 
V-OAc +H20 if : 4oGH 3 CHO + HQAc 
(3.1; )) 
(V CHI. CH,, -) . 
The characteristics of each method are summarized in table 3-2- 
3-2-Z t'echanism of Hydrolysis 
The hydrolysis of PVOAc to PVOH follows an analogous mechanism 
to that of the alcoholysis of organic esters of low molecular weicht1,30 
a) Alkaline hydrolysis 
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b) Acid hydrolysis 
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3.2-3 Choice of Hydrolysis Yethod 
In considering which type of hydrolysis reaction is suitable 
for converting FVOAc to PVOH the following points have been borne in 
mind: 
Alcoholysis 
Hydrolysis in the presence of alcohol (transesterification) and 
catalysed by acid or base, is an equilibrium reaction requiring 
removal of one component during reaction to drive the conversion to 
completion. 
Acid hXdrolysis 
Hydrolysis catalysed by acid in the presence of water only, is 
also an equilibrium reaction, and again requires certain measures to 
39 
allow the reaction to go to completion. 
C) Alkaline hydr6lySiS 
The products of alkaline hydrolysis are a resonance stabilized 
carboxylate anion and an alcohol: 
, 00 H 14ý0 R-C R-C! -+RI Oli (3-11) 
OR' .0 
salt alcohol 
Since these show little tendency to react together, the reaction 
is essentially irreversible and readily goes to completion. 
Clearly, alkaline hydrolysis is the best method. 
3.2.4 Experimental Details 
Hydrolysis of PVOAc to PVCH was carried out in methanol solution 
2 
using sodium hydroxide. It has been reported that saponification of 
poly(vinyl ester)s by alkali produces a product containing - 0.3,1& 
infusible ash, owing to absorption and actual salt formation between 
PVOII and alkali metal ions. Procedures have been devised 
2 
for 
reducing the ash content, but this was not felt to be necessary in 
the present work. 
Two methods were readily available for the conversion, one using 
a high and one a low amount of alkali. Table 3-3 summarizes the 
conditions employed in each case. 
In method 1ý5 PVOAc is dissolved in methanol at 500C with stir- 
ring, In a flask fitted with condenser and dropping funnel. Lethanolic 
sodium hydroxide (NaCH) solution is added dropwise over the course of 
about 30 minutes. Thereafter the mixture is kept at 50 
0C with 
viaorous stirring for a further hour. During the reaction PVOH pre- 
cipitates as a white (; ranular solid, which is recovered by filtration. 
C(NDITION METHCD 1 METHOD 2 
Total Volume (ml) 10 20 
Temperature (OC) 50 40 
Required NaOH (g) 0.03 0.20 
Cone. NaOH (g/ml)xlO3 3 4 
Cone. Polymer (g/ml) 0.1 0.02 
Reaction Time (mins) 90 30 
Conditions (a) (b) 
(a)Vigorous Stirring 
(b)Standing 
TABM 3-3: Comparison of Methods for the Hydrolysis 
of PVOAc. (Based on lg Polymer) 
PVOAc NO1111NAL VISCOSITY DEGREE OF 
S OURCE MOL. WT. HYDROLYSIS M 
B. D. H. 45; 000 6- 8 (a) 
B. D. H. 160,000 89-90 (a) 
B. D. H. 500POOO - 
PVOH 
SS OURCE 
B D. H. 14., 000 
B. D. H. 125POOO 35-45 (b) 87- 89 
BAKME - 28-32 
(b) 99-100 
(a)8.6% solution (w/v) in benzene @ 2&C 
(b) 4% solution (w/v) in water @ 200C 
TAKE 3-4: Iýetails of Commercial Polymers Used. 
4o 
The solid is then washed extensively'with methanol in a soxhlet 
extractor (to renove residual catalyst) and dried under vacuum. 
I 
In method 2' ,a solution of FVOAc in methanol in a suitable 
vessel, is hold at 40 
0C in a water bath. ".; odiugi hydroxide (aqueeous) 
solution is added, the mixture stirred once and then allowed to stand 
for 30 minutes. During this time PVOH precipitates and the polymer 
is recovered, washed and dried as in mAhod 1. 
Method Z has been reported to produce a product with degree of 
hydrolysis>99.5 mol'ý. This method has the advantages over method 
1 that it requires less ti. -, ie, a lower ter, -, perature and no sI-Decial 
apparatus. Ilethod 1 however requires a smaller amount of catalyst 
and the ratio, of alkali to polymer is about six times lower than in 
method 2. Yethod 1 however does not produce a consistent product in 
terms of percent hydrolysis, probably due to the small amount of 
alkali used. Tethod 2 was therefore chosen. 
The catalyst solution was prepared by grinding NaOH (East 
Ang, lian Chemicals) to a powder -Lnd ar3dinr:, -, the required al-, Iount of 
methanol 
(S. Tu.: ý. 
/ in a conical -rlask. Sone sediment was left a-fter 
the alkali had dissolved, and this was renioved by filtration. 
Tjashine of PVCH was continued until the washings gave no indi- 
cation of alkali when tested with phenolphthalein and with meth3nolic 
phenol red indicators. (The latter was prepared by adding meth-mol 
(S. L. R. ) dropwise to one or two drops of aqueous phenol red until a 
golden yellow solution was obtained. In the presence of alkali, the 
solution turns magenta in colour). 
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3.3 ACRTYLATION, CF POLY(VIITYL ALCOHOL) 
Acetylation of PVOH to PVOAc was carried out according to the 
method of Braun. 
67 
An acetylating mixture of pyridine (S. L. R., distilled and dried 
over NaOH pellets), glacial acetic acid (Fisons, 99.5ýL) and acetic 
anhydride (Fisons, 97%) (1: 10: 10 by volume) was prepared. In a 
boiling tube fitted with an air condenser, PVOH (5 g) and acetylating 
reagent (75 ml) were heated together at 100 0C over a steam bath for 
24 hours. After this time excess reagent was removed using a rotary 
evaporator and the product dissolved in methanol. The PVOAc was pre- 
cipitated in water, redissolved in methanol and precipitated once 
more in water before being dried in a vacuum desiccator. A slightly 
pink product was obtained. 
3.4 TESTS OF THE HYMOLYSIS/REACIETYLATION ROACTIONS 
PVOH has a different structure to the branched PVOAc from which 
it is made, due to hydrolysable branches (section 2-2). Before any 
i comparison is made between the two polymers, this must be taken into 
account. The way chosen here was to hydrolyse PVOAc to PVOlf, then 
reacetylate to PVOAc. The resulting PVOAc then undergoes no further 
4,5 
structural changes on hydrolYsis. 
It was necessary to test that the reactions involved were 
capable of fully hydrolysing and reacetylating the polymers. Both 
methods discussed are capable of doing this same job. 
There are several methods available 
68 
for the detection of 
hydroxyl groups in polymers. Most of these however refer to the 
determination of end groups, and are not generally suitable for 
4z 
nolymers containing large numbers of hydroxyl functions. Infra-re 
69 
spectroscopy may be used, but it is a technique which requires a 
highly accurate instrument, which must be calibrated against polymers 
whoýý, e hydroxyl content is reliably Imown. 
Two methods were examined in this work. The first, reacetyla- 
tion by acetic anhydride, the second, hydrolysis of remaining 
acetate groups by strong alkali. 
3.4.1 Method 1: Reacetylation 
67,70 
This method involves the conversion of hydroxyl g-roups to acetate 
groups, followed by the titrimetric determination of the remaining 
acetylating'reagent. 
An acetylating mixture of pyridine (5 ml, S. L. R., distilled and 
dried over NaOH pellets) and acetic anhydride (0.7 ml, Fisons 97ý) 
was prepared. A sample of this mixture (l mi) was pipetted into a 
boiling tube containing PVOH (o. 1 g). An air condenser was fitted 
and the mixture heated over a steam bath for 8 hours. Toluene (1.5 ml 
S. L. R., distilled) was added and the boiling tube stoppered and shaken 
vigorously to affect solution of the acetylated polymer. Water (5 mi. 
distilled) was added and three drops of phenolphthalein indicator, 
and the whole titrated, with shaking, with 0.2 N aqueous sodium 
hydroxide (A. R. ) solution, to a permanent pink end-point. A blank 
solution containing no polymer was treated likewise. 
3.4.2 Method 21 Hydrolysis7l 
In this method, acetate groups present in PVOH are hydrolysed by 
NaOlf to hydroxy groups. The amount of alkali required is determined 
by titration. 
43 
To a solution of polymer (1 g) in methanol (50 ml, distilled, 
S. L. R. ) in a 150 ml conical flask was added. NaOH (A. R. ) (25 ml 
aqueous solution) by pipette. (0.5 N NaOH was used when a polymer 
was suspected of having a degree of hydrolysis <97 M01%, otherwise 
0.1 11 NaOH was used. ) The flask was stoppered, shaken well, and 
allowed to stand for 2 hours at room temperature. Hydrochloric acid 
(25 ml of 0.6 N or 0.11 N depending on the amount of alkali used) was 
pipetted into the flask to ensure remaining alkali was neutralized 
and the contents of the flask slightly acidic. Excess acid ensures 
a positive titration. Phenolphthalein indicator 0 drops) was added 
and the contents of the flask titrated with 0.1 N NaOH (A. R. ) 
solution to ý permanent pink end-point. A blank solution was treated 
similarly. 
3.5 DETAILS OF OTIMR POLYMERS USED 
Some commercial polymers were used for the purpose of comparing, 
laboratory and industrial products. Details of these are given in 
table 3.4. 
3.6 FRACTIONATION OF POLYIMS 
Fractional precipitation, or fractionation, of polymers is the 
process whereby a polymer having a broad molecular weight distribu- 
tion (I. IWD) may be separated into a number of samples each having a 
much narrower I-UD than the parent. 
73 
Although it is possible to 
carry out the process for PVOH this is a complicated and often 
unsatisfactory procedure, and is seldom performed, though some work 
has been reported. 
72 
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In contrast PVOAc may be separated into relatively narrow, 
well defined fractions by this method73, with comparatively little 
experimental difficulty. No special equipment is required beyond 
that of a large vessel, a method of agitation and a means of con- 
trolling temperature. Experimental and theoretical considerations 
are dealt with fully by Cantow. 
73 
3.6.1 sa_mples for Fractionation 
Three samples of PVOAC prepared at low temperature (designated 
A, B and C) were combined in approximately equal proportions by 
dissolution in methanol (S. L. R. ) and reprecipitation in water. The 
large batch (designated L) (-27 9) was then dried in vacuo to be 
used for fractionation. Fractions from this batch were designated 
"Lf". Polymer obtained from high temperature polymerisation was 
sufficient in quantity to obtain fractions without combining batches. 
Fractions were obtained from polymer designated B4, whilst another, 
B3, was used whole. 
3.6.2 Fractionation of PVOAc 
Fractionation of PVOAc was performed in the vessel shown in 
figure 3.3, held in a water bath at 250C. A solution of PVOAc in 
methanol (S. L. R., 1500 ml) was added to the vessel and distilled 
water was added in 50 ml aliquots with vigorous stirring. until the 
solution became cloudy. Just enough methanol was then added to 
give a clear solution. The temperature was raised to 30 
0C and the 
solution slowly stirred for approximately one hour. The vessel was 
then stoppered and allowed to cool back to 25 0C when a clear solu- 
tion remained. 
modif i 
corical 
Figure 3.3 FRACTIONATING 
YESSE 
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"te-lr was then added carefully with vigorous stirring to 
give a slightly turbid solution. The temperature of the solution 
was raised once more and held at 30 
0C with stirring until the 
solution was clear. The vessel was then stoppered, the temperature 
lowered to 25 0C and the vessel left to stand overnight, when pre- 
cipitating polymer collected at the bottom. The central stem was 
put in place, isolating the precipitated polymer from the supernatant 
solution. Methanol was added to re-dissolve the precipitated poly- 
mer and the resulting solution removed through the central glass 
tube. The polymer fraction was recovered by precipitation in water 
and dried. Further fractions were collected by repeating the 
procedure. 
3.7 CHAR ACTERIS ATI ON 
3.7.1 Viscosity 
3.7.1.1 Poly(vinyl acetate) 
The viscosity of PVOAc in toluene (S. L. R., distilled) and THF 
(BDH A. R., stabilized with 0.1%* quinol) at 250C was measured with a 
modified Ubbelohde viscometer (figure 3.4). The viscometer was 
cleaned with hot, filtered chromic acid, rinsed throughly with 
filtered, distilled water and oven dried at 30 0 C. Flow times for 
toluene and THF were -188 and - 157's respectively. Maximum and 
minimum volumes were 22 and 12 ml, allowing. up to 5 successive 
dilutions of 2 ml each. 
Solutions were made up in volumetric flasks (10 ml) and held at 
35 0C in a water bath prior to use. Each solution was carefully 
filtered before being introduced into the viscometer. The initial 
concentration was adjusted to give an 'flr value <2 (-qr (relative 
1310 sod(ets 
pper, riming Mark 
LowerTiming Mark 
Capillary 
CAass Sinter 
Figure 3.4 : 5-0 ded Level Viscme-ter (modified) 
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viscosity) =t solutionAsolvent 
). Solution was timed until succes- 
sive readings agreed within + 0.1 S. A further aliquot of solvent 
(2 ml) was added with shaking to ensure mixing, and 
flow timed 
again. Further dilutions and timings were made ensuring 
'qr> 10 4. 
Within the range 2> _q r> 
1.2 the Huggins equation (Z-23) was found 
to give a good fit to the experimental data. 
Adjustments for end effects and kinetic energy were considered 
unnecessary, 
Wo 
Huggins plots were constructed manually to check 
behaviour, and a linear least squares analysis of the data performed 
to obtain the intrinsic viscosity 
n] 
I cLtý'. 
3.7-1.2 poly(vinyl alcohol) 
A PSL 1627/03 Ubbelohde viscometer was used for the determina- 
tion of the intrinsic viscosity of PVOH in distilled water at 25 
0 C. 
The viscometer was not modified since glass sinters proved too much 
of a restriction to aqueous flow. Solutions of PVOH were prepared 
as follows; the polymer was allowed to swell overnight in distilled 
water and the whole boiled to effect solution. The solution was 
then filtered and a small sample (0-5 - 1.0 ml) evaporated first at 
300C and then at 500C in a vacuum oven to determine accurately the 
concentration of the solution. The flow time for water was - 130 s- 
maximum and minimum solution volumes were 17 and 10 ml, allowing up 
to four dilutions of 1.5 ml. The method and evaluation of results 
were as stated in section 3-7-14. 
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3.7.2 Gel Permeation Chromatography (GPC) 
3-7-2-1 poly(vinyl acetaLe) 
Some GPC work was carried out by the author using a modified 
Waters 502 ALC/GPC with TEY (BDH, A. R., stabilized with 0.1"/o' Ouinol) 
as solvent. A 60 cm mixed bed PL gel column 
(Polymer Laboratories, 
Church Stretton, Shropshire) was used and calibrated with polystyrene 
6 
standards of molecular weights from 200 to 2x 10 . Refractive index 
was used as concentration detector. Column efficiency as determined 
by toluene was> 40,000 p. p. m. 
1ý, ost work on PVOAc however was carried out at the premises of 
Polymer Laboratories by their staff using a 60 cm mixed bed column 
with THF as solvent and refractive index detection. Sample injection 
volumes were 200 #1 at 0.02 - 0.05 /. concentrations and a flow rate 
of 1 ml/min. The column was calibrated with polystyrene standards 
and computational analysis of the results was performed by a I'Tri- 
vector systems" microprocessor. Corrections for skew and broadening 
effects were found unnecessary except for work carried out by the 
author; thus samples A, B, C and L (figures 4.2 and 4-3) have been 
corrected, according to the procedure on page 323 of reference 45. 
3-7.2.2 poly(vinyl alcohol) 
Aqueous GPC was carried out in distilled, degassed, filtered 
water. The column set comprised a 60 cm TSK 5000 pw and a 30 cm 
TSK 3000 Pw type column in series, from the Toyo Soda Company of 
Japan. Refractive index was used as a means of detection. An Altex 
model 110A metering pump was used to deliver a constant flow rate of 
1 ml/mIn. The column set efficiency as determined at regular inter- 
vals, using ethyleneglycol, (injection of 50 /. 41 at 0.5%) was > 21000 
p. p. m. and the set was calibrated (as recommended by Toyo Soda) with 
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standard poly(ethylene oxide) (PEO) and poly(ethylene glycol) 
(PEG) 
polymers. The exclusion limit for PEO was - 600,000. A sample con- 
centration of 
1o 
with a 50 ul injection volume was used, each solu- ff/ 
tion containing a small amount of ethanol as internal marker and 
antidegradant (since high molar mass PEOs are not particularly stable 
in solution). 
3.7.3 Osmometry 
Osmometry was performed on samples of unfractionated poly(vinyl 
acetate) to determine number average molecular weight. 
3.7-3-1 polX(vinyl acetate)- 
1--leasurements of the osmotic pressure of solutions of PVOAc were 
performed on a Hewlett Packard High Speed Membrane Osmometer Model 
502, thermostatted at 33 0 C. Toluene (S. L. R., distilled, degassed and 
filtered) was used as solvent with 0-8 type non-aqueous membranes 
(pore size 5-10 nanometers). A stock solution was made up to the 
highest concentration (- Vlo) and then diluted in volumetric flasks 
to obtain four samples. Each sample was filtered and kept at 35 
0C 
before being introduced into the osmometer. Manual plots of 1T/c 
and (TE/c)2' were performed to check behaviour before GUMO was 
determined by linear least squares analysis (see Chapter 3, reference 
4o). 
4. POLY(VINYL ACETATE) 
RESULTS 
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4.1 POLYMISATION KINETICS 
Batch polymerisations were performed with varying concentra- 
tions of initiator, in order to control the molecular weight of the 
final product. Five polymers were produced using initiator concen- 
trations of 0.15 to 0.30 mmol/mol monomer. 
From equation 2.12, equation 4.1 can be derived 
K' CIA 
Equation 4.1 is appropriate for simple polymerisations only, 
where interfering reactions are negligible. Under conditions of 
constant monqmer concentration, and in the absence of solvent 
(therefore no transfer to solvent) equation 4.1 may be modified 
3 to 
R=V 
[13 ý+ Cm 
n 
(4.2) 
where V= 11MEMI and Cm is the constant for transfer to monomer. 
Since the initial monomer concentration has been constant, and con- 
version kept to below 51ý, Cm can be assumed to be constant for the 
five polymers. Furthermore, transfer to initiator may be neglected 
for AZ3N in vinyl acetate polymerisation3, thus a plot of [Ijj-2 versus 
l/x- 
n should 
be linear. This plot is shown in figure 4.1. Values for 
Xn were calculated from I-In given by GPC. The GPC was calibrated 
using polystyrene (PS) standards (section 3.7-2) and no attempt has 
been made to convert the data to PVOAc molecular weights. (However, 
since the Mi constants K and a are similar for both linear polymers 
21 
the molecular weights do not differ greatly. ) The reasonable 
linearity of the plot in figure 4.1 indicates that the kinetics of 
the system are behaving as predicted. 
cD 
(14 
V-; 6- 
Ln 
2i 
0 cn c0 0X 
_5') 
No kinetic data was obtained for polymers prepared at high 
tem-Derature. 
4.2 MOLECULAR WEIGITr DATA OF WHOLE POMIERS 
4.2.1 Low Temperature Polymers 
The GPchromatograms for batch "L" and its constituent polymers 
(PVOAc's A, B and C) are shown in figures 4.2 and 4.3. Table 4.1 
gives molecular weight data for the polymers. The data are not con- 
verted to PVOAc molecular weights, but are corrected for band 
broadening. The polydispersity ratio (D = rlw/174n) is much larger 
than the theoretical value of 1.5 for radical chain polymerisation 
in the absence of transfer. 
27 This is most likely to be due to an 
increase in temperature during the polymerisation reaction (section 
3.1.4.1). It has been shown that, below 100C, in the photopolymer- 
isation of vinyl acetate, molecular weight increases with tempera- 
ture. 
6A 
rise in temperature during reaction could therefore lead 
to a broadening of the molecular weight distribution (MID) and hence 
an increase in D. 
Expressions for the values of Fý and Aw of a mixture of 
M- 
polymers have been derived (equations 4.3 and 4.4). 
W1,1 
+ 
l4i, 2 
+ 
wl, 3 
l4n(mix) III 
n, l 
kln 
,2n, 3 
(4-3) 
YIW(mix) ý wi'l 1!, W, l +wi, z llw, Z +wi3 l1w, 3 
(4.4) 
D 
C71 
EL 
x 
I 
u>;, -- 
D 
Cl 
LT- 
10 a. - 
0 a's z =: 
ý_i CD 1-1 w ci C) C) 
cý Co r- tD 
bi 
13 en C, 4 
ý4 
Lr) 
I) 
I 
a' 0 
(D 
t'. 
SAMPIE Rn(PS) Fiw(ps) D (a) 
PVQAc Al 33#100 1339400 4.03 
FVQAc Bl 44POOO 153,9300 3-48 
PVQALc Cl 102,300 516,100 5-0/+ 
is Lit 39y700 270,9000 6.81 
"L'Icalc. (b) 47,800 2679600 5.60 
(a)D= polydispersity ratio = Kwl iii 
(b)Calculated molecular weight from 
those of A., B and C 
TABTE 4-1: Molecular Weight Data for Polymers Prepared at 
Low Temperature. 
SAMPIE SOURCE N014INAL mol. 
wt. (PV01i) 
DEGREE OF 
HYDROLYSIS 
COMMENT 
A B. D. H. 125,, 000 87- 89 manufacturers 
specification 
B BAKER 99-100 
C B. D. H. 250,9000 100 PVOAc., 100% hydr- 
olysed by method 
D B. D. H. 80,000 100 2, see. 3,2.4. 
TABLE 4.2: Polymers Used in Tests on Hydrolysis and Re-acetylation. 
SAMPLE WEIGHT OF TITRE (ml) Wt%OH MEM OH HYDROLYSIS 
POLYMER (g) (a) DEGREE(%) (b) 
B1 1.0069 16.90 14.27 
2 1.0001 16.80 14-53 14-40 53.73 
c1 0.9911 15-80 16-05 
2 1.0203 15.70 16.35 16.20 58-53 
BLANK 0.0 25-50 (a)equation 4.9 
1 
1 
(b)equation 4.10 
Normality of NaOH 0.9827 
TAKE 4.31 Results of Tests on Hydrolysis Reaction by 
Re-acetylation Method. 
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where w. is the weight fraction of polymer i in the mixture. Table 1 
4.1 shows measured and calculated values of 
Rn and ii w 
for polymer 
mix "L". The Rw values are in good agreement but a higher "'I n value 
is predicted than found. 
The highest molecular weights for any one polymer reported here 
axe F1 n_ 
105 and -Mw- 5, x 10 
5. 
Using more complicated cooling systems, 
6 
Burnett claimed to be able to produce linear polymers of in n up 
to 
500,000, though in some cases the value of D as derived from osmo- 
metry and light scattering was <1. Atkinson and Dietz 
21 
prepared 
high molecular weight linear PVOAc at -2 
00 under essentially similar 
conditions to this work. They obtained polymers of different mole- 
cular weight, by the addition of chain transfer agent. Fractionation 
of the polymers by preparative GPC enabled samples of D<1.3 to be 
produced. 
4. Z. 2 High Temperature Polymers 
The GPchromatograms of whole branched polymers obtained at high 
temperature (designated B3 and B4) are shown in figures 4.4 and 4.5. 
As predicted by theory 
27 the molecular weight distributions of these 
polymers are much broader than for vinyl polymers of low to medium 
conversions. The abnormal breadth of the distribution can be attri- 
buted to chain transfer reactions causing the polymer molecules to 
branch. The probability of branching is approximately proportional 
- 25,27 to Mw , hence branched molecules tend to become more highly 
branched and still larger. This results in the long high molecular 
weight tail seen in the chromatograms. 
The high molecular weight of B4 (figure 4-5) caused some problem 
when analysed by GPC. The high molecular weight tail appears to have 
been excluded fron, the packing gel. This appears as a shoulder at 
LAAJ. F"M 
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molecular weights greater than 10 
7 (figure 4-5). This makes inter- 
pretation in terms of molecular weight unreliable. 
4.3 HYDROLYSI'S AND REACIETYLATION 
4-3-1 Determination of Degree of Hydrolysis 
4-3.1-1 By Reacetylation 
This method involves the conversion of hydroxyl groups to 
acetate groups followed by the titrimetric determination of remaining 
acetylating reagent (section 3.4.1). 
Assuming a polymer chain consisting of the repeat unit 
-[CH 2-CH(OH)I- 
Ali 
1 mole of PVOH (100% hydrolysed PVOAc) -11 moles hydroxyl. (OH) groups 44 
where 1.1 r 
is the molecular weight of the polymer and the molecular 
weight of the repeat unit is 44 
= 
"'r 1 -3 1g polymer x 7-- ý 22-73 x 10 moles of OH groups. 7Tý I-I r 
Acetic anhydride provides 2 moles of acetic acid per mole of 
anhydride. 1 mole of acetic acid attaches to the polymer chain, the 
other being complexed with pyridine. For every mole of -OH groups 
in the polymer, one mole of AA is used, a nole of acetic acid is 
produced and a mole of NaOH is required in the titration. 
The blank solution will require 2 moles of NaOH per mole of AA. 
Let x= ýoles of A in the blank 
and y= moles of AA required for acetylation. 
then x-y = moles of AA remaining 
this requires 2(x-y) moles of NaOH in the titration. 
3ince y moles A also give y moles of acetic acid during 
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acetylation, the total amount of acetic acid produced is 2(x-y) +y= 
2x-y moles which required Zx-y moles of NaOH. 
The amount of OH groups present due to polymer -y= 2x - 
(2x-y) 
or (Blank titre - '"ample titre), i. e. the amount of OH groups Is 
(Blank titre - 3arlDle titre )x L' x 1073 per gram. of polymer (4.5) 9 
where N is the normality of the NaOH and g the weight of polymer 
taken. Thus the equivalent weight % of hydroxyl'groups in the 
polymer is given by 
A /" Olf =wý 17 xVxLx 10-3 x loo = 1.7 
V" (4.6) 
POH 99 
where V= (Blank titre - Sample titre) and 17 is the molecular weight 
of the hydroxyl function. Since the molecular weights of the acetate 
and hydroxyl group are different, equation 4.6 must be rewritten in 
terms of mole % in order to determine the degree of hydrolysis (i. e. 
the number of OH groups present as a percentage of the total number 
of groups). 
"et Mn'H - Number of moles of CH groups 
and T= Total number of groups (i. e. OH and OAc) 
Taking 44 and 86 as the molecular weights of the alcohol and acetate 
repeat units respectively, equation 4.7 may be derived. 
w 
17 X 1ý10H 100 1700 (4-7) 
POH (44XI,,! OH 
)+ (T -N OH 
) x8F; -1 44 + 86( T- 1) 
OH 
No. of moles of OH 100 
MOM oil The mole x (4.8) OH-"'POH Total moles of all groups 1T 
T 100 (4.9) 1.1 OH m POH 
and W 
1700 l7kýOH (4.10) 
POH 44 + 
loo 
- 1)86 
86 - 0.421-ý OH 
POH 
54 
which gives on rearrangement 
Mol % OH = Degree of Hydrolysis = 
86", 4 POH 
17 + 0.42W POH 
Table 4.2 gives a list of the polymers used in the tests on 
hydrolysis and reacetylation, and table 4.3 shows the results of 
tests by the reacetylation method on Z polymers. 
4.3-1.2 By Hydrolysis at Room Temperature 
The degree of hydrolysis is simply the degree of acetylation 
subtracted from 100. In this method, acetate groups remaining in 
PVOH are detected. 
Using the same notation as in 4. '5.1.1, and taking the molecular 
weight of the acetate group as 59 
M OAC MPOAC ý -T x 100 
(mole 1% OAc) 
T= 100 
OAc 
"ýOAc 
analogously to the derivation of equation 4.7 C> 
w 
59? "OAc X 100 590014OAc 
(4.13) 
POAc 44(T-M OAc 
)+ 86m 
OAc 
44T + 42m OAc 
Substituting 4.12 into 4.13 gives 
w 
591ýOAC 
(4.14) 
POAC IV+ + 0.42i4, pOAC 
000 
44d 
POAc (4.15) ýIPOAC 59 - Oo42W POAc 
and since "ýOH (degree of hydrolysis) = 100 -M POAc 
(4.16) 
III - 
59oo - 86w POAc (4.17) 
POH 59 - o. 42W POAc 
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In the reaction, one mole of acetate groups produces one mole 
of acetic acid which requires one mole of NaOH to neiitralize it. To 
ensure a positive titration, enough acid (HC1) is added to neutralize 
the original NaOH put in, and ensure acid is in excess. The excess 
acid is determined by titrating(a blank solution (containing no 
polymer) treated in the same manner. The blank titre is subtracted 
from the sample titre to give the amount of alkali required to 
neutralize the acetic acid, and hence the original acetate content. 
Let V be the volume of NaOH of normality N required, then 
moles of NaOH used =VxN... oles of OAc groups 
(4.18) 
1000 
VxN (4.19) weight of OAC 1000 x 59 
weight of OAc per gram of polymer = 
59VN (4.20) 
1000 g 
weight percent OAc (W 
ý. 9VN (4.21) 
POAc 9 
Table 4.4 gives the results of tests by this method on the 
polymers of table 4.2. 
4-3.2 Comparison of Test Methods 
Table 4.5 shows a comparison of the results of the two test 
methods. The method of acetylation is clearly unsatisfactory, giving 
results far below those expected. This is probably due to incomplete 
reaction of the hydroxyl groups despite the fairly rigorous conditions. 
In contrast the method of hydrolysis is easily performed, requires 
comparatively innocuous reagents and, more importantly, gives correct 
results. This also serves to show that the chosen method of conver- 
ting PVOAc to PVOH does indeed give a product of >9?, "Q ' hydrolysis. 
SAMPLE WEIGHT OF TITRES(ml) Ut/oo' OAc (a) HYDROLYSIS DEMEF, 
POLYMER(g) S114PLE 3LANK SAMPLE ý2M 019) (b) 
A1 1.0320 11.16 14-04 
2 0.9914 11.00 6.16 14-15 14.10 88.3 
B1 1.0040 7.12 1.27 
2 0.9910 7.13 4.94 1.29 1,28 99.0 
c1 1.0271 6.35 0.31 
2 0.9974 6.18 5.78 0.22 0.27 99.8 
D1 1.0015 6.13 0.20 
2 1.0135 
1 
5.97 
, 
5.78 
1 
0.11 
1 
0.1§ 99.9 
Normality of NaOH in A.. 0-4914 (a) equation 4.21 
B., 0,098'7 (b) equation 4.17 
CpD,, 0.0948 
TABLE 4.4: Results of Tests on Hydrolysis Reaction by 
Hydrolysis Method. 
SAITLE MET H OD HYDROLYSIS 
DEGREE 
SPECIFIED 
HYDROLYSIS 
A HYDROLYSIS 88.3 87- 89 
B HYDROLYSIS 99.0 99-100 
ACETYLATIal 53.7 
C HYDROLYSIS 99.8 99.5 
ACKYUTION 58.5 
D HYDROLYSIS 99.9 99.5 
TABIE 4-5: Comparison of Results of Test Methods for Degree 
of Hydrolysis., 
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4.3.3 HydrolXsis and Reacetylation of Linear Polymers 
The procedure was carried out on three linear polymers of high, 
mediun, and low molecular weight. The experiments served firstly to 
confirm the linearity of the polymers (by comparing GPchromatograms 
before and after reaction) and secondly to demonstrate that the method 
chosen was capable of fully reacetylating the polymers. Degree of 
acetylation was determined as described in section 4. Z. 1.2. 
Data before and after hydrolysis and reacetylation are presented 
in table 4.6 and figure 4.6. Clearly, no significant change has 
occurred in the shape of the chromatograms or in the derived molecular 
weight data, suggesting that the polymers contain no hydrolysable Q 
branches. The procedure does not give any information on non- 
hydrolysable branches; however, previous work suggests that the 
occurrence of hydrolysable branching is usually greater than non- 
hydrolysable. 
8,29 
In the absence of the former the absence of the 
latter may be implied. 
4.3.4 Hydrolysis and ReacetylatiOn of Branched Polymers 
Before fractionation, the branched PVOAc polymers were hydrolysed 
and reacetylated to remove hydrolysable branches. This ensured that, 
when fractions were subsequently hydrolysed to PVOH, no further 
structural changes occurred. 
The narrowing of the XWD and the lowering of the molecular 
weight of branched PVOAc on hydrolysis and reacetylation is well 
known. 4,75,76 This is obviously so, since it is the molecules of 
higher molecular weight that will be branched and will change on 
hydrolysis, whereas the lower molecular weight chains may have a 
sufficiently small number (or even no) branches, that comparatively 
SAMPLE 
(a) 
mw (ps) POLYDISHRSITY 
RATIO D 
% ACETYLATICU 
1. B 104., 400 1.21 99.88 
A 105tOOO 1,21+ 99-91 
2. B 3091000 1.49 99-93 
A 302s5OO 1.46 99-90 
3. B 537,000 1.58 99-94 
A 5/+OjPOOO 1.61 99-95 
(a) B= Before hydrolysis, A= After reacetylation 
TABIE 4.6: Molecular Weight Data for Linear Samples of FVQAc 
Subjected to Hydrolysis and Re-acetylation., 
S»IPLE 
(a) 
Mn (PS) i; d ý (PS) POLYDISPERSITY 
RATIO D 
B3 .B 186$700 19 014p 000 5.43 
A 96,970 21%230 2.26 
B4 B 304,800 290179000 6.62 
A 103$700 238150 2.30 
(a) B= Before hydrolysiss A= After reacetylation 
TABLE 4.7: Molecular Weight Data for Branched Samples of 
FVOAc Subjected to Hydrolysis and Re-acetylation. 
V) 
Cq 
I 
LI) 
I 
ýQ 
0 
-J 
t 
el 
>-1 
rI 
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little effect is seen. Figures 4.4 and 4.5 demont3trate the chan-es 
seen in the GPchron-tatograms. Not only is the molecular weight 0 
lowered but the whole chromatogran, is compressed from the higher end 
of the molecular weight scale. The changes in molecular weight and 
in D are shown In table 4.7. 
4.1.5 Reacetylation in Reaction and Analysis 
The methods of determination of degree of hydrolysis by reacetyl- 
ation and the reacetylation of whole polymers are virtually identical 
techniques, yet the former failed. Unlike whole polymer reacetyla- 
tion, no solvent for the polymer was included during the analysis 
reaction, and, reaction times were shorter. Furthermore, the titra- 
tion required the addition of non solvent (water) which could cause 
partial precipitation of the polymer and adsorption or occlusion 
effects. In essence, trying to improve the already difficult tech- 
nique by, for example, increased reaction time or addition of solvent 
may indeed have an adverse effect and is not considered a worthwhile 
exercise when hydrolysis techniques have been shown to be much easier 
and more accurate. 
4.4 FRACTIONATION 
4.4.1 Linear Poly(vinyl acetate) 
Fifteen fractions in the molecular weight mge 60,000 to 600, uoo 
were obtained from the fractionation of the whole polymer 'T'. 
Further fractions were not collected, since branching was not con- 
sidered significant for polymers of molecular weights below 50,000. 
The cumulative weight distribution-of the parent polymer has been 
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plotted in fiGure 4.7. Also in the figure is shown the same data 
for the fractions. The first of the collected fractions were dis- 
coloured and of very broad A. -ID and so were discarded. No investiga- 
tion was made into the cause of the discolouration; however, it may 
be that degradation of very high molecular weight chains occurred 
due to the nature of the acetylating media (section 3-3). The dis- 
carded fractions have been taken into account in figure 4.7. The 
remaining fractions were all of a good white colour. Six fractions 
(chosen for the quantity of polymer) were characterised by GPC. 
Molecular weight data (based on a PS calibration) are shown in table 
4.8 and GPchromatograms presented in figures 4.8 and 4.9. 
4.4.2 Branched Poly(vinyl acetate) 
Fractions were obtained from whole reacetylated FVOAc B4. Six 
of these were characterised by GPC. Molecular weight data (based on 
P. 33) are shown in table 4.9. GPchromatograms are presented in figure 
4.10 with cumulative molecular weight data in figure 4.11. 
4.5 CHAR ACTERIS ATI ON 
4.5.1 Osmometry 
Number average molecular weights were determined for whole (Tn) 
polymers by osmometry in toluene. The results are presented graphi- 
cally in figure 4.12 and in table 4.10. Figure 4.13 shows a compari- 
son of M values from osmometry and unconverted GPC. Since GPC n 
(based on a linear calibration) underestimates the molecular weight 
of branched species (section 2.3.5) a linear correlation with 
Wek, bht 
abo. olute molecularL as in figure 4.13, would not be expected. X 
Figure L. 7: Cymul-otiy-t Weigtýt Distri vljon-Qf Lin! ýgr 
.ýL _g 
PV OAc- -w hol ,pJy. T 
curnkildive 
weigli % 
LOG Mw t PS) 
60 50 40 
FRACTIUI Pn (PS) Pw (PS) PJLYDISPEIISITY 
RATIO D 
L6 247x400 395j, 000 1.60 
L7 248j700 3749800 1.51 
L8 251e800 337y300 1.34 
L9 117., 100 1489600 1.27 
L14 68,900 839500 1.21 
Ll 5 63., 100 75,600 1.20 
TABIE 4.8: Molecular Weight Data for Fractions of Linear PVQAc. 
FRACTICH i6 (PS) Ei (PS) POLYDISPFMITY 
RATIO D 
BF2 1929000 251s900 1.31 
BF3 3409400 5369900 1.58 
BF4 207.. 400 309.9000 1.49 
BF5 2589800 3699700 1.43 
B'W 165s000 2069900 1.25 
BF9 86., 600 1049400 1.21 
TABIE 4-9: Molecular Weight Data for Fractions of Branched PVQAc. 
LOG Mwt (PS) 
r" 
tD 
9 
Lr) 
RgLre 411, A2 rent Curnjajiye-ý6(=ht Disto ulm-d 
Log M (PS) 
Figure 1.12 
05 10 Concentration P/o) 15 20 
cumulative Branched PVOAc B4 
SAMPLE iýI A2X103 iin (PS, GPC) 
B3. M 192., 000 0.93 1869700 
B3. R 1019500 0.60 96,970 
B4. M 396j770 0.68 3049820 
B4-R 101,070 0.74 1039700 
BDR 160T. M 1369800 1.05 1437250 
BDH 160T. R 92,600 1.58 
TABIE 4.10: Values of Mn Determined Osmotically for Whole 
-Branched Polymers. 
SAMPIE R, (OS) * 
before (a) after (a) 
1 
n 
BDTH 160T 136t8OO 92., 600 0-48 
B3 192., 800 104500 0.90 
B4 396,9770 103., 070 2.85 
(a) Before and after hydrolysis and reacetylation 
TAKE 4.11: Values of the Number Average Degree of Hyrolysable 
Branching (In) from Osmometry. 
LINEAR 
FRACTIMS EV KI BRANCHED FRACTIONS KI 
LF4 1.026 0.384 BF3 1.066 0.310 
LF9 0.700 0.520 BF5 0.821 0.439 
LF12 0.593 0.466 BF6 0.656 0.463 
LF14 0.526 0.514 BF7 0-571 0.516 
TABIE 4.12: Intrinsic Viscosity of Linear and Branched PVQAc 
Fractions in toluene at &C. 
56- 
55- 
'-, L I 
LOG Mn (Gf 
(PS) 
LOG Fin (asmometry) 
3. 
2 
In. 
Figure 4.13: 
Com an son of Vn 
Osmometry-gol C 2Eý 
[whole branched po(yme 
49 50 51 52 53 54 5,5 56 
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However, Mw is more sensitive than 11 n 
to higher molecular weight and 
thus branched molecules. Hence in plots based on ill n, 
deviation is 
only noticed, as in figure 4.13, at higher molecular weights. 
An estimate of hydrolysable branching content is furnished by 
equation 2.45. Table 4.11 gives values Of-ý, n(number average degree 
of branches), and the data is plotted in figure 4.14. 
4.5.2 liscometry 
4.5-2.1 Fractions 
The intrinsic viscosity ([fl]) of lineax and branched PVOAc 
fractions was obtained in both toluene and tetrahydrofuran (THF), via 
the Huggins equation (equation 2-23). Tables 4.12 and 4.13 give the 
relevant data. This is plotted in figure 4.15 where the molecular 
weights are weight average based on polystyrene (PS). In both plots 
little difference appears between branched and linear fractions, 
though the points for the branched fractions appear a little more 
scattered than the linear. It can be concluded from this that, in 
the range of molecular weight studied, long chain branching of the noo- 
hydrolysable type (if present) is not significant enough to cause 
deviation in intrinsic viscosity behaviour. 
The relative slopes of the plots are 0.77 for THF and 0.61 for 
toluene. For the same molecular weight, PVOAc has a lower viscosity 
in toluene than in THF, indicating a tighter "coil" in toluene. This 
is expected since toluene is almost a theta-solvent 
27,43 
for PVOAc 
under these conditions, whereas THF is a good solvent. 
21 
The values 
of the slopes are higher than typical literature values of 0.5395 
for toluene and 0.71 
21 for THF, but this is not unreasonable since 
the values used in figure 4.15 are not true PVOAc molecular weights. 
LINEAR 
FRACTI(XIS 
Ell] 
I K, BRANCHED I 
FRACTIMS 
KI 
LF6 
1 
1.241 0.378. BF3 1.460 0.489 
LF7 1.220 0.324 BF5 1.256 0.342 
LF8 1.185 0.353 BF4 1.105 0.369 
LF9 0.640 0.286 BF2 0.913 0.486 
LF14 0.408 0.408 BF7 0.862 0.440 
LF15 0.378 0.387 BF9 0.468 0.605 
TABIE 4.13: Intrinsic Viscosity of linear and Branched PVOAc 
Fractions in tetrahydrofuran at 250C. 
SAMPM n] KI sp. ýTm n] K, 
B3-M 1.74.4 0.317 BDH-45T 0.351 0.490 
B3. R 0.852 0.321 BDH 160T 1.2Q4 0.354 
B4. M 2.722 0.532 BDH 500T 1-403 0.337 
B/+. R 0.927 0.242 
TAKE 4-14: Intrinsic Viscosities of Whole Polmers in 
tetrahydrofuran at 2,50C. 
7 
56 
)LUENE 
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Veight 
6o 
4-5-2.2 Viscosity and Branching 
Berger77,32,33 has investigated the influence of molecular 
weight, polydispersity, and branching on the constants of various 
viscosity equations. Data were collected from the literature on 16 
different polymers and were found to be highly conflicting. It was 
therefore impossible to express a general view. For PVOAc K (Huggins) 
was thought, in general, to be constant or to show a slight increase 
with branching. This result was also found by Hobbs 
80,81 
who 
claimed values of K between 0.32 and 0.35 for fractions of linear 
PVOAc, and 0.34 to 0.42 for branched. In this work, the average 
value of K for linear and branched fractions in THF was found to be 
0.36 and 0.43 respectively, while in toluene this was 0.47 and o. 43, 
Little difference has been found in the value of 
E-qj for branched 
and linear species with respect to molecular weight, and this small 
difference in K values is therefore considered insignificant. 
Further work96 suggests that K is not dependent on branching, but 
on shear rate for higher molecular weight polymers. 
4.5.2.3 Whole Polymers 
Viscosity data for whole polymers are given in table 4.14. The 
average value for K is 0.37, re-inforcing the view that the varia- 
tion in K is not particularly significant, with respect to 
branching. 
4.5.1 Chromatographic Data 
Chromatograms of linear and branched fractions and whole poly- 
mers axe shown in figures 4.4,4-5 and 4.8-4.10. The computed 
molecular weights (based on a PS calibration) and average elution 
61 
volumes are given in tables 4.15-4.17. The figures V(F4n ), V(T.. D) and 
V(Q are values of elution volume (viz time) corresponding to the 
number, peak and weight average moleculax weights. The use of U 
similar Ve parameters has been reported. 
97, 
Figure 4.16 shows a 
typical GPchromatogrram with Ii n, 
i 1W an d IN p 
identified (though P, 
p 
need not necessarily lie between Pn and riw). Having obtained values 
for the molecular weight averages, the corresponding elution volume 
parameters may be obtained directly from the calibration curve of 
molecular weight versus elution volume. 
SkYlPIE Tln mw MP D V(F6) V(R4) V(Rp) 
LF6 247,400 395., 000 396P500 1.60 688 667 667 
LF7 248f700 374,800 373000 1.51 688 670 670 
IF8 251,800 4309400 333p4OO 1.34 686 674 674 
LF9 117., 100 148,600 151,300 1.27 724 712 711 
LF14 68s930 83., 510 93pO6O 1.21 753 742 736 
LF15 63090 75,630 82,9400 1.20 758 748 743 
TABIE 4-15: Molecular Weight Data of Linear FVOAc Fractions. 
(based on polystyrene calibration) 
SAMPIE mn mg MP D V(iin) V(I) V(EP) 
BF3 340.9400 536,900 516., 500 1.58 674 655 656 
BF5 258j, 800 369., 700 3339400 1.43 685 670 674 
BF4 2CY7.9400 309.. 000 2469800 1.49 696 678 688 
BF2 192., 000 251,900 213s600 1.31 700 687 694 
BF7 1659000 206j, 900 201s700 1.25 707 696 697 
BF9 869580 104v400 108,600 1.21 740 730 728 
TABIE 4.16: Molecu]Er Veight Data of Branched PVOAc Fractions. 
(based on polystyrene calibration) 
SAMPIE Rl Fiw Rp D V(Tln) V(Fij) V(Tlp) 
B3 -M 186y7OO 1,014,100 449,600 5.43 701 630 662 
B3. R 97.. 000 219t2OO 129., 700 2.26 734 693 719 
B4. M 3Q4., 800 22016,600 834p7OO 6.62 679 606 637 
B/+. R 103y700 238; 100 150j400 2.30 731 690 711 
BDH 34., 700 82v400 86., 370 2.37 795 743 740 
45T 
BDH 143p2OO 514300 374300 3.57 714 657 670 
160T 
BDH 164., 500 713., 100 583olOO 4.34 7 CY7 643 651 
500T 
TAKE 4.17: Molecular Weight Data of Whole Pol e 
(based on polystyrene calibration 
Nght 
elution volume 
Figure 416: Relationship between Average- Mecular Weights an 
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5.1MIG BRANCHING IN PO 
(VINYL ACETATE) 
o. 
5.1 IlaRODUCTIO'N 
much emphasis has been placed on methods of determining the 
Ij true molecular weight distributions of branched polymers from Or 
1Q, 22,4-(, 51-, 54,56-58,60-62 
chromatogramrý. ' Gel permeation chromato- 
graphy cannot alone furnish unambiguous data. As normally 
practised, GPC separates by size and cannot distin., guish structural 
differences in polymers. Elolecules having the same size, and thus 
appearing in the same elution volume increment, may have different 
molecular weights due to differences in the distributions of branch 
length and density. Calibrating a GPC with branched polymers pre- 
supposes the same type and degree of branching in both calibrants 
and samples I under test, and a completely general calibration 
(as 
with conventional GPC) is not possible. Some work has been done 
along these lines but the method requires a fairly substantial 
amount of sample 
62-64 
and time. 
For this reason further information on the polymer under test 
is required and many methods have been used. itostly GPC has been 
a base, since this method alone can give, in the first instance, a 
complete molecular size distribution. This has been combined with 
lightscattering (IB), viscometry, diffusion and sedimentation 
methods. Work has been reported on the combination of any of the 
above techniques, details of which may be found in Scholte's review. 
22 
All these methods are considered valid, since the physical quantities 
involved are assumed to depend only on molecular weight and hydro- 
dynamic radius (R). Certainly for measurements at constant con- 
ditions (i. e. same solvent at the same temperature) R is constant 
regardless of the technique. However to actually define R accurately 
is almost as difficult a problem as branching itself 
20,54-56 
, and 
plotting data to extract Information has to be done with more care 
61 
than is sometimes realized if hopefully accurate data are to be 
obtained. 
19,82,83 
The combination of GPG with either on or off-line 
additional detection has proved to be a popular technique with many 
workers. As an off-line technique vincometry, requiring little 
sophisticated apparatus, other than a constant temperature bath, is 
an obvious choice. Indeed automatic viscometers make this combina- 
tion of methods almost routine. 
The ease of gathering intrinsic viscosity and GPC data however, 
is in contrast to the painstaking analysis required to transform the 
initial data into an accurate molecular weight analysis of the 
polymer. For the purposes of this work, the Ham and Miltz 
61 
method 
has been chosen since this requires no initial estimate of any 
branching parameters. 
5.2 APPLICATION OF THE RA,,,, AND MILTZ i,, ETHOD FOR LONG BRANCHING 
5.2.1 Initial Procedure 
Until now the Ram and Miltz (R/1-I) method has not been applied to 
either PVOAc or PVOH. The procedure applied in this work was as 
follows: - 
a) In the first instance, to avoid having to assume a calibration 
curve, plots of 
N 
versus various elution volume parameters were 
drawn up using linear and branched (reacetylated) fractions, and 
whole polymers. From the plots, the elution volume parameter most 
compatible with the R/114 method was decided. 
b) A universal calibration plot was then set up in order to be con- 
sistent with observed results. Hence values for the hark-Houwink (!, Ui) 
64 
constants K and a could be deduced. 
C) The R/14 m Eithod was applied to all fractions and whole polymers, 
and an investigation into the dependence of ho on the generated 
data 
was made. 
5.2.2 Calibration Data 
5.2.2.1 Elution Volume Plots 
From computer analysis of GPchromatograms and the PS: calibration, 
values for various elution volume parameters were evolved according r> 
to figure 4.16. These are plotted against 
EM from tables 4.13- 
4.17 and are presented in figures 5.1-5.3. 
Clearly the data are best correlated using V(FIw) as the elution 
volume parameter. This plot shows the data as theory predicts it to 
be, viz. branched polymers having lower 
[1130 s than linear ones (see 
figure 2-5). The scattering of the points in the other two plots is 
probably an effect of the different polydispersities of the polymers 
(ranging from 1.2-6.6). The dependence on average molecular weight 
of calibration curves derived from polydisperse polymers is well 
known. 52 
Some very important inferences may be drawn from these initial 
plots. All the fractions, within acceptable experimental limits, 
fall on the same line (figure 5-3) regardless of whether designated 
linear or branched. It has been demonstrated that the linear 
fractions are truly linear (section 4.3-3). The branched fractions 
have had hydrolysable branching removed and appear to behave as 
linear polymers. It may bd deduced from this that, either branching 
of the non-hydrolysable type is insignificant in these polymers at 
the molecular weight levels studied, or that the method is insensi- 
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tive to small amounts of branching. 
The whole polymers shown in figure 5.3 clearly demonstrate 
branching, having lower 
n] Is for the same V., The reacetylated 
whole polymers however fall on the same curve as the fractions. This 
may be further evidence that hydrolysable branches are more signifi- 
cant i. e. prevalent than main chain branches. Previous work has 
indeed indicated that branching through the acetoxy group (i. e. 
hydrolysable) in either monomer or polymer occurs more frequently 
than at the main chain, and this frequency increases with tempera- 
3,8,11,24 ture. The different polydispersities of the polymer., do 
not appear in this instance to be of great importance, though this 
may be respo4sible for a certain amount of scatter in the data. 
5.2.2.2 The Universal Calibration 
In order for the RIF, Procedure to work properly, the correct 
values for the Mark Houwink (NH) constants E' and a are required. 
Though these may be obtained from the literature 
16,21,84,85 
, agree- 
ment between various authors is poor, and this warrants the re-deter- 
mination of the constants applicable to the systems studied. 
Since the 1411 constants for polystyrene (PS - with which the 
GPC was calibrated) are known (and agreed), and since 
n] 
has been 
measured for several linear fractions, the universal calibration 
may be used to determine PVOAc molecular weights. Equation 2.55 
(section 2.4.1-3) states that 
n1ps lim 1.1 PVOAc = E'IUPVOAc . at constant Ve* 
The question arises as to which is the best % p'; to take, and 
what value does this give. 11 of '-ýVOAc Ance it has already been 
shown in figure 5.3 that V(Flw) gives the best interpretation of the 
66 
data, this value was chosen. The values of vjVOAc were thus derived 
and plotted against 
n]. Values for K and a were obtained by 
linear leastsquares analysis. The derived molecular weights are. 
given in table 5.1. The LH constants gave equation 5.1 
EI) 
= 0.942 x 10 -4 ;, 
0.737 (5-1) 
This data based on Xw compares reasonably with that of other 
authors (see table 5-2) based on 
R 
n* 
5.2.2.3 Other Methods for I-iH constants 
Two further methods of obtaining K and a values have been 
86 
derived by Weiss and Cohn-Ginsberg (J/CG). The quantities ei n, 
I, -, 
w 
and [^ql can be expressed by equations 5.2-5.4. 
R K-1/a+l (5.2) 
W. 
(-7ýa-+j) 
j! 
I 
!7 -1/a+l 57wi jil/a+l A", =K 
(5-3) 
w 
K 1/a+l 7 wi jia/a+l (5.4) 
where w1 is the weight fraction of species i 
ji the hydrodynamic volume of species i 
and K and a are-the relevant MH constants. 
Method 1: From 
[TO 
and GPC 
If the intrinsic viscosities ([ýJ) and GPchromatograms of two 
polymers of the same type (in the same solventz) are obtained, then 
K and a can be determined as follows; from equation 5.4, for two 
PVOAC 
SAMPLE 
Ew (PS) 
(GPC) 
ii(PVOAc) 
(U. C. ) 
l"'31 (PVOAc2 
(T. H. F. 25 C) 
Lf 6 395p 000 4169 100 1.241 
Lf 7 374p800 3869700 1.220 
Lf 8 3379400 3329000 1.185 
Lf 9 148.. 600 149.. 500 0.640 
Lf 14 839510 86p870 0.408 
Lf 15 75,630 79s040 0.378 
TABIE 5-1: Conversion of Polystyrene Molecular Weights to 
Poly(vinyl acetate) via the Universal Calibration. 
Mol. Wt. 
PARAY= 
KX104 a TEMPERATURE 
(00) 
REF. 
R, 2.63 0.65 25 84 
Rn 0.682 0.766 23 85 
Ri 0.51 0.791 25 19 
Rp 1.56 0.708 30 21 
R4 0.942 0.737 25 This 
Wo 
TABIE 5.2: Mark-Houwink Constants for PVOAc in T. H. F. 
from various Authors. 
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s, imples (subscripted I and 2) equation 5.5 may be derived 
w j, a/a+l )l 
(5-5) 
j q. /a+ 1 ['T02 
Value3 of a are iterated by computer program until both sideF, 
of Pquation 5.5 agree, to within the required accuracy. A value of 
K can then be calculated from equation 5.4 from either polymer. 
Method 2: From and GPC 
Values for K and a may also be derived from a single sample, if 0 
an independent value for Rn is known (e. g. from osmometry). From 
equations 5.2 and 5.4 
Tw, j, a/a+1 
W. 
(5.6) 
FI 
- jil/a+l 
As before, a value for a is found by iteration, K is calculated fro,, -, i 
equation 5.4 and i., w 
from 5-3. 
Both these methods have been tried and the re3ults are presented 
in table 5.3- clearly the linear fractions give a better estimate of 
X and a values than any other species. Furthermore they are in 
reasonable agreement with the values determined directly. The 
branched fractions give similar a values though less than 50,, 16 of 
these gave consistent answers. In both the double 
1-fl] 
and 
n] R, 
methods the whole polymers performed badly. This failure is most 
likely due to their broad molecular weight distributions. Inherent 
In the assumptions of the method is the linearity of the MH equation. 
It has long been accepted, however, that this assumption is not valid 
over extended ranges of molecular weight. 
39 
The whole polymers have 
polydispersities between Z and 7 (table 4.17) and their chromatograms 
6' 
(figurer, 4.4 and 4-5) span between 3 and 4 decades of molecular 
weight. It is therefore not unexpected that unreliable results 
should occur. 
Other workprr, 
97-P9, 
using these methods, have found similar 
renultn; the nethodn, work with reasonable accuracy for narrow 1': AD 
(low D) polymers but tend to give poor results when polymers of 
broad MWD are used. It has been suggested 
go that the classical Q 
method is better than the GIý method. The accuracy of the latter 
depends on whether or not corrections have been applied for band 
broadening, and how accurate the corrections are. The constants as 
derived in equation 5.1 have thus been used throughout. 
5.2.3 Results from R/, -I Procedure 
The values chosen for K and a for PVOAc have been established 
(equation 5-1). Values for D01YStyrene (PS) were taken from the 
21 4 literature as a=3.724 and K=1.16 x 10- 
A computer progran was used to obtain data with a series of i,, o 
values (equation 2.67, section 2.4.2.4). The results are presented 
in table 5.4 as linear equivalent and branched molecular weights. 
As expected the molecular weights increase when converted to 
branched from linear. Since, for two molecules of the same mole- 
cular weight a branched molecule will have a smaller molecular size, 
it follows that, of two molecules of the same size the branched one 
should have a higher molecular weight. The GPG separates by size 
so that a branched molecule is predicted to have a molecular weight 
lens than the true value. Also as expected, 1-1w increases (over the 
linear equivalent) much more than -n. This is because Mw is more 
sensitive to larger (and hence more highly branched) molecules. 
Consequently the molecular weight distribution broadens. 
Mo BDH160T BDH500T 
- Rn RW 14W 
0 (lin. ) 149000 520f250 171., 200 727f250 
20fOOO 155f550 600; 250 178P400 845f6OO 
50, '000 153p7OO 601000 176p3OO 847s500 
100j, 000 152,300 602,900 175POOO 848p700 
200,, 000 (154100) 
1 
(605j700) (173., 200) 
1 
(850000) 
B3M B4M 
- R, mw Mn mw 
0 (lin. ) 192,700 1)026,900 313,600 2., 026,1900 
209000 200,740 lp2l7,, 600 330P470 2p436o3OO 
50,000 198#300 lj, 219., 800 326., 100 2t438)000 
loofooo (196t200) (1,, 210910C)) 322A50 29439., 050 
200., 000 
1 
194j700 
1 
lpl490200 
1 
(319., 100) 
1 
(2A39000) 
(Brackets indicate a value derived from an incomplete 
execution of the computer programme. see sec. 5.2-4. ) 
TABIE 5-4: Results from the Ram and Miltz Method on PVQAc. 
SAME E-Qlb ftw 
E -T 1 b=0.5 b=0.8 b=1.0 b=1.5 
An 
BDH160T 0.869 . 1.833 1.038 0.804 0-513 0.48 
BDH500T 0.809 3.146 1.696 1,291 0.806 
B3M 0,827 2.701 1.478 1.132 0.711 0.90 
WT 0.785 3.793 2.001 1.513 0.936 2.85 
TABLE 5-5: Dependence ofTtw(woight average number of branches) 
on b for Branched FVQAc. (TLn values from table 4.11) 
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5.2.4 Influence of 
Choosing the correct value f or No (the molecular weight at which 
branching becomes significant) is an important consideration in the 
analysis. In general as the value of 1.1 increases, the value 1i 0 of '-n 
decreases, but the value of MW increases. From the calibration 
curves generated by the computer (figures 5.4-5-7) it can be seen 
that the calibrations for the branched species do not deviate from 
the linear calibration until a molecular weight of approximately 
100,000, almost irrespective of the value of 1, ', 0. 
The higher mole- 
cular weight end of the calibration curves are shown enlarged in 
figures 5.8 to 5.11. These show more clearly not just how branching 
affects the calibrations, but also the influence of the value of M, 00 
As M is increased the calibrations for branched species become more 0 
separated. This is therefore another reason for using the correct 
value for M0, for the production of accurate calibration curves. 
Little data is available in the literature on the onset of branching 
in PVOAc, but since this also depends on conversion3,7 the problem 
is not a simple one. Graessley 
91 
and co-workern, estimated the value 
to be about 300,000 for conversions of 41 and 71'/ý",. Agarwal 
92 
studied 
the effect of shear on the distribution of long chains in PVOAc and 
concluded that branching may be detected at a molecular weight of at 
least 70,000. Elelville and Sewe, 193 gave a value of -200,000. 
A further point to notice from table 5.4 is bracketed values. 
These refer to figures derived by the computer in cases where, though 
the molecular weights are no longer changing, the calculated [-q] 
does not match the measured one. The possible cause of this is too 
high a value for M0. As No is increased, the amount of polymer of a 
given sample above this value, decreases. Thus the values for 
molecular weights greater than ýi 0 
have to be increasingly modified 
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71) 
in orler to fit 
C'M to 1-fl] If i,. is too hi-h, 
calculated measured' 0 V> 
no amount of modification suffices and the routine fails. There is 
therefore a chec; c on i.. by considerin- thrý behaviour of the computer 0u 
pro-, ram. 
_5.2-5 
Conclusions on R/, ', l 
,, 
) obtained from the ! (/I-! The values of 7,.,, and corresponding 
Y(Ai 
& 
method have been plotted in figures 5.12 and 5.13. Figure 5.12 shows 
the log I-, 
W 
vs. jorý[-q]plot with the derived kark-llouwink equation, 
and figure 5.13 the shift in values, caused by the Elki procedure. 
Clearly, while the whole branched polymers have changed their 
positions, the reacetylated whole polymers have stayed relatively 
constant. This can be taken to be more evidence in favour of a 
lack of branching in these polymers. 
Though this method has been used favourably both in this work 
and others 
61,62 
,a criticism which has not been previously highligh- 
ted is the (invalid) assumption of the linearity of the ii-H equation. 
For narrow viND polymers this is of little consequence providing that 
the constants have been obtained over the desired molecular 
weight range. For broad distribution polymers however this is 
inevitably going to lead to poor estimations of the molecular weights 
of the polymers. 
5.3 BRANCHING PARK-MEM 
Using molecular weight data for branched polymers, branching 
parameters (e. g. weight average number of branches 11w), can be 
calculated via equations 2.47 and 2.49. Table 5.5 gives values of 
;: bntirp ';. 17-. Pint of 
M 
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b (equation 2.60). Values for the number averag-e degree of branching 
n are also shown. ,n 
with , since it is likely that Comparingý 
'Qw 
>-ýn the value for b=0.5 would seem to be correct. There is 
evidence 
22029 
which also supports thin view. 
An estimate of the relative amounts of each type of branchinko. 
is usually possible only if kinetic studies are undertaken 
7,8,11 
changes in 11" n on 
hydrolysis and reacetylation give a value for 
of hydrolysable branches. Values of TLW are less easy to obtain by 
this method (section 2.3.6.1). Conversely, -fLw for total branchin, r 
may be obtained via the Zimm-L)tockmayer equations (2-3.6.2). but 
values for 'YU by this method apply to monodisperse species. In 
contrast to much previous work (Small's review29), it is suggested 
here that branching through the acetate group (for polymers prepared 
at 80 0 C) resulting in hydrolysable branching is far more important 
than branching at the main chain. It is accepted that hydrolysable 
branching is usually predominant3'8,11'24 , and since the amount of 
branching in the polymers studied here is quite small (cf. poly- 
ethylene for example 
62 ), that no permanent long branches have been 
detected is not necessarily anomalous. Kinetic studies put the 
amount of hydrolysable branching at about 70,45 of the total (depending 
on conditions). The interpretation of the data here would suggest 
that, though this may be the case, detection of such low degrees of 
non-hydrolysable branching is not possible by GPC and viscometric 
analysis. Considering the highest molecular weight polymer studied 
here; -ýw for B4 was found to be -4, i. e. 4 branches per molecule. 
Assuming that more than 705' of these are hydrolysable leaves about 
branch per molecule. It Is hardly surprising that this remains 
undetected. 
6. '-, l'OLY(VINYL ALCOHOL) 
0.1 ItE,,; UIT'-. 
The intrinsic viscOsItY (C'q]) of whole and fractionated poly- 
(vinyl alcohol) (PVOH) was determined in aqueou-i nolution. The 
results are shown in table 6.1. G. p. chromatoGrars are shown In 
fijures 6.1 to 6.3 with the relevant elution volume parameters 
MI'l -) and V(R, )) in table 6.2. The data from tables 6.1 
n) - 
V("-w 
p 
and 6.2 are plotted in figures 6.4 to 6.6. As in the case of PVOAC 
(section 5.2.2.1), the plot of logn] versus V(FI W) 
(figure 6-5) for 
PVO'H shows best correlation of the data. All the points fall on a 
sinp, le line indicating that, either the method in in3en3itivo to 
branching or branchin, &, is absent in these polymers. 
6.2 PIOLECULAR WEIGHT DATA 
In order to obtain molecular weight data, the G. PX. was cali- 
brated with poly(ethylene oxide) (PILO) and poly(ethylene glycol) 
(PEG) standards as recomr. ended. 
107 To convert data bazea on this 
calibration to true PVOH molecular weights via the universal calibra- 
tion (U. C. ) equation 2.55 was used. This required knowledge of the 
Nark-Houwink (Ni) constants for both polymers. Equation 6.1 was 
obtained for PEO/PX from the literature. 
108 
[ell 
- 12.5 x 1075 1,10-78 (6.1) 
An exercise similar to that of section 5-2.2-2 was performed to 
obtain Fli constants for the PVOH samples under study. From the U. C. 
based on PEO#X, using the elution volume V(R. ), a value for 
Mn(PVOH) was obtained. A value for A(PVOH) was then calculated 
since the value ofn] for the samples was known (table 6-3). The 
LINEAR F RACTIONS BRANCHED F RACTIONS WHOLE POMERS 
SAMPLE SAMPLE [-qj SAMPLE 
Lf 4 1.0`76 Bf 3 1.208 BAKER 0.526 
Lf 10 0.798 Bf 5 1.257 BDlil. 4T 0.250 
Lf 12 0.585 Bf 6 0.90`7 B3M 0.843 
Lf 13 0.592 Bf 7 0.730 B4M 0.887 
Lf 14 0.435 Bf 8 0.679 
Lf 15 0.392 Bf 9 0.531 
TABIE 6.1: Intrinsic Viscosity of FVOH in Water at 250C. 
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SAMPLE 
mw (PE 0) 
(GPC) E-ql 
R4 (FVOII) 
(cale. ) 
Lf 4 220,346 1. Y76 376,600 
Lf 10 3-40,600 0.798 228,200 
Lf 12 93,600 0.585 150., 800 
Lf 13 97., 100 0.592 159#100 
Lf 14 62P400 0.435 98,600 
Lf 15 54#700 0.392 86j5OO 
TABIE 6-3: Molecular Weight Data of Linear FVOII 
from Universal Calibration. 
SAMPIE Ri(FVOAc) Rimao 
predicted 
36(pvai) 
calculated 
Bf 3 360j. 000 1EV+; 200 263P100 
Bf 5 267#700 136., 900 305P100 
Bf 7 170j. 700 87#300 141,900 
Bf 9 90j. 700 46,400 1009600 
B3M 1000700 51s500 101,150 
B4M 107.9400 54P970 116#700 
TABIE 6-4: Comparison of Calculated and Predicted 
Molecular Weights of FVOJI, 
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molecular, k-, ight of PVOH of known deoree of hydrolyrýin -. ay be predicted 
from a knowledge of the molecular ý: ei, -, ht anrl structure of the YNAc 
from which It t4as made (Appendix 1). A compariron of predicted and 
calculated data is given in table 6.4 for ione fractionn. 'I"he values 
f or Rn (PTOAc) were obtained from chronatograms and a polyntyrene 
calibration, via the universal calibration. Clearly, the PVOIJ mole- 
cular weights derived from the P! ýO/P! ýG calibration are too high. 
Oince it has been shoicn that the fractions and whole reacetylated 
polymers are virtually free of branches, changes In st=-ture cannot 
be responsible for the anomalies. "3timated polydi3persity ratIo5 
for the polymers are given in table 6.5. It is considered that, 
regardless of the true values for hw and P! n' 
the ratio of these will 
be approximately constant. A re-appralsal of the method of determin- 
ing molecular weights of PVOH by aqueous G. P. C. was therefore con- 
sidered necessary. 
6.3 THE UN-I-VER")AL CALIBRATION 
One possibility for the cause of anomalies in molecular weight 
could have been incorrect Wi coefficients. As previou3ly discussed 
(section 5.2.2-3). the method of Weiss and Cohn-Ginsburg could be 
used to deterrine K and a since the relevant data were available. 
The method also requires knowledge of the constanto for PEO/PýZ, so, 
as well as equation 6.1, a second equationlO9 (equation 6.2) was 
examined, to ensure that it was not these equations that were pro- 
ducing the poor results. 
E-q] = 39.7 x 10-5 110.686 (6.2) 
LINEAR FRACTIONS BRANCHF. D M-ACTIONS WHOIE POLYMERS 
SAMPIE D SAMPIE D SA121L D 
Lf 4 1.91 Bf 3 1.65 BAKER 2.28 
Lf 10 1.67 Bf 5 1.35 BD111-4T 2.56 
Lf 12 1.59 Bf 6 1.33 B314 2.62 
Lf 13 1.67 Bf 7 1.52 B/+M 2. /+4 
Lf 14 1.37 Bf 8 1.38 
Lf 15 1.32 Bf 9 1.29 
TABIE 6-5: GPC Polydispersity Ratios (D = Rj/ Ri) of FVOH. 
POLYYM -Houtil C1T TS 
Kx10 a Kx10: 1 a 
FEO (a) 
IFVOH 
(b), 
39.7 
3.96 
, 
0.686 (1) 
0.817 '1 
12.5 
10.971 
0.780 (2) 
0.736 
1 
(a)literatu-re values; ý1)reference 109 
2)referenco 108 
Nfrom Weiss/Cohn-Ginsberg method 
TAKE 6.6: Mark-Houwink Constants for Foly(ethylene oxide) 
and Poly(vinyl alcohol). 
71ý 
Table 6.6 shows the values of K and a for PVOH as determined 
by the 'Jelss-Cohn-Ginsburg method using the two different equationa 
for PEO/PZG. These values clearly cannot be correct. Water is 
generally a poor solvent for FVCIIi and most renorted values for #a' 
lie in the region 0.55-0.65 depending on temperature. 
2 
Figure 6.7 shows a plot of universal calibration curves for 
PEO/PEG and PVOH based on literature values for the MH Constants. 
110-112 
The hydrodynamic volume ( n]14) for PLO was calculated from 
M Vi = 12.5 x 10-5 1-1 
1.78 (6-3) 
using values of 1.1 supplied with the standard polymers. Since, for 
FVOH, the value of [-q] had been measured, [^QR was obtained from 
DIm-- 
I'T a+l/a 
(6.4) r. 
K 1/a 
The elution volume parameter used was V(2w). From figure 6.7 it can 
be seen that the U. C. curves are not coincidental, which offer3 an 
obvious explanation for the discrepancy in the results; the U. C. 
does not hold for either one or both polyiners on the column uned. 
It has not been possible to make a thorough inveatiGation of 
this phenomenon, though similar anomalies have been noted in the 
literature. Belenkii 104 , using sephadex gels 
(which have certain 
similarities to. TSKPW gels, though the 3tructure of the latter has 
not been fully revealed) found that PVOH and POO fell below the U. C. 
plot for dextrans and polyvinylpyrolidine (EV13), though they were 
not coincident. Anecplanation based on the compatibility of the 
Dolymers with the column gel, was proposed. DubinlO5, usinf: TSKPW 
gel also noticed a displaced U. C. Plot for PEO compared with dextrans, 
and proteins. Various types of secondary interactive mechanisms 
60-1 
I 
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which may perturb the size exclusion mechanism in aqueous G. F. G. have 
been reviewed. 
10-3,106 It is therefore not possible in this instance 
CIH from G. P. C. analysis. to quote accurate molecular weight data for PU 
6.4 Coll"CLUgolis 
This work has shown that under the conditions employed, branching 
in PVCH is not detected by intrinsic viscosity/G. P. C. methods. vlost 
authors5,10,24,94 have considered that, since IVk'. 'WAc contains a small 
amount of non-hydrolysable branching, PVOH must also be branched. 
Little or no evidence has been put forward to substantiate these 
statements. The polymers used here have, however, estimated molecular 
weights of less than 200, OCO. Higher molecular weight polymers may 
indeed have branching densities significant enough to be measured. 
It has been suggested 
2 
that a study under theta conditions should 
reveal most about the structure of the polymer; a true theta solvent 
for r-VOH has yet to be identified. 
It is well kno, -m 
11? that commercial samples of PVOH, though 
specified to have similar aqueous viscosities, can differ greatly in 
other physical properties (table 2.1). This has most often been 
thought to be. due to branching. However, it is more likely, in the 
light of this work, to be due to the molecular weight, molecular 
weight distribution and degree of hydrolysis of the polymers. If 
FVOH still retains a certain amount of acetate groups (i. e. not fully 
hydrolysed), the possibility exists of some hydrolysable long chain 
branches remaining on the polymer. It has also been sugGested113 
that, though long chain branches may be absent in FVOH, short chain 
branches formed by intramoleculax chain transfer may be present, and 
these would not necessarily be detected by viscometry (section 2-6.2). 
76 
Clearly, the practice of stating an aqueous solution viscosity and 
degree of hydroly5is as sole specifications for a commercial FVOH, 
is neither satisfactory nor useful in predicting solution behaviour. 
7-CONCLUSIM AIND 
RECOMEINDATIONS 
77 
Although noly(vinyl acetate) (rvcAc) and poly(vinyl alcohol) 
(P'IOH) are by no nean,, novel polymers, the interpretation of charac- 
terisation data of unknown or commercial samples has been largely 
ignored. This work hýtc, attempted to identify some of the problem. 3 
involved in the characterisation of PVOAc and PVOJI by gel permeation 
chromatography and viscometry. C. > 
The hydrolysis and reacetylation techniques commonly used with 
PVOAc have been shown to be mostly reliable. it is important when 
studying PVOII to know the extent of hydrolyýsis of the polymer as 
this greatly influences the properties of the polymer. Reliable 
methods of determination of the degree of hydrolysis are therefore 
necessary. Týe method of detecting hydroxyl groups by acetylation 
has been shown to be a difficult, time consuming technique requiring 
fairly noxious chemicals. A better method has been proposed, based 
on the hydrolysis of PVOAc, which is a simple, reliable high polymer 
reaction, requiring fairly innocuous chemicals and a fraction of the 
time to complete. The similarity between acetylation of PVOH and 
the determination of hydrolysis by a virtually identical reaction has 
been noted, and the failure of the latter explained. 
As expected the decrease in E'ql of branched compared with 
linear polymer of the same molecular weight has been demonstrated, 
but it has also been revealed that demonstration of such behaviour, 
particularly for polydisperse samples, is strongly dependent on the 
molecular weight parameters used; and this in turn has highlighted 
the importance of correct G. P. C. calibration methods. Combined 
results have re-iterated the dangers of attempting to use the already 
empirical Mark-Houwink equation to cover extended molecular weight 
ranges, when it is known that the equation is not linear under such 
circumstances. Thus the Weiss- Cohn-Ginsberg methods of determination 
7R 
of K and a are not suitable for use with polymers of broad molecular 
weight distribution. 
The main effort of this work has been to study long chain 
branching In PVOAc and FV011. Though kinetic studies have shoi-rn the 
CD 
19 (i. e. hydrolysable and existence of two types of branching3'5,7'8 
non-hydrolysable) and have estimated the relative amounts of each, 
this knowledge has necessarily come from the preparation of polymers 
under carefully controlled conditions. Furthermore, the effects of 
polymerisation conditions on the various degrees of branching and 
branch type. have also been studied, making it possible to predict the 
expected results of such polymerisation. Notwithstanding this, the 
information derived from kinetic measurements is largely of no avail 
to the analytical polymer scientist, when faced with the problem of 
analysing a polymer, the preparative history of which is probably 
unknown. 
Previous work on PVOAc, and indeed on many polymers using com- 
bined techniques of ch-iracterisation, has mostly involved an almost 
arbitrary estimate of the way in which branching changes with mole- 
cular weight. It has become obvious that there is no universal Para- 
meter which holds for all samples of the same polymer type. As out- 
lined above, polymeric structure largely depends on preparation. In 
this work the methods of characterisation chosen have been used many 
times before 
61 
for, for example, polystyrene (PS)'and polyethylene 
(PE). However, knowing the behaviour of model branched polymers, e. g. 
PS does not necessarily indicate that when this behaviour is noted, a 
r, articular structure is unambiguously involved. Fortunately, common 
commercial polymers, PVOAc included, are most often and easily manu- 
factured by the free radical techniques3, leading almost exclusively 
to random long chain branching in the final polymer. Characterisation 
79 
techniques in this work have shown that it is better to use a method 
of data analysis that makes no initial assumption as to the extent 
of branching in the polymer, and the Ram and i-'. iltz 
61 
method has 
been successful in this respect. 
Perhaps one of the reasons why little work has been carried out 
on PVOAc is the fact that, compared with for example PE, the amount 
of branching in PVOAc is considerably smaller. Typical values of the 
branching index for PE (depending on molecular weight) are of the 
-4 -5 62 -6 94 order of 10 and 10 . For PVOAc this can be as low as 10 
and with PVOH having even less branching, 
X 
values of 10-7 or 1U-S 
axe not impossible, though they may be just that to detect. It has 
been shown hqre that long chain branching in PVOAc is predominantly 
of the hydrolysable type and that, for medium molecular weight 
polymers, any non-hydrolysable branching remains undetected by G. P. C. / 
viscometry techniques. 
The problems associated with the G. P. C. of PVOH have been 
identified as not necessarily those of the polymer alone. Problems 
have also been encountered in the'calibration of TSKPW type G. F. G. 
columns using poly(ethylene oxide) (rZO) standards. It has been 
noted that the universal calibration (U. C. ) plots for these polymers 
are not coincident. Sufficient data has not been produced here to 
be able to tell whethpr only one or both of the polymers behave 
anomalously. However, similar anomalies have been reported in the 
literature lo4, lo5 , and since the full structure of the gel has not 
been revealed, it may be difficult to elucidate the actual separation 
mechanism. In literature reported by TSK 
110 
, it has been shown that 
FVOH of only 86/o hydrolysis elutes without distortion from Ed type 
columns. However no molecular weight data was reported. Notwith- 
standin, o, this, it must be niade clear that a calibration curve can U 
81 
only be applier3 to PVOH of a single degree of hydrolysis. It was 
for this reason that 1OLY% hydrolysed FVý)Ii was used in this work. 
Regardless of the problems it has been shown that PVOH of medium 
molecular wellght has no long chain branching detectable by G. P. C. / 
viscometric methods. 
Further work in this field should include the preparation of 
higher molecular weiGht (and hence more highly branched) polymers. 
m. Though preparation of such polymers presents few practical probles3, 
separating them into narrow fractions requires more skill. Solubility 
techniques become less efficient for high molecular weight polymers, 
but these may be overcome by use of preparative G. P. C.. Very high 
molecular weýght polymer was not used in this work for these 
reasons. 
Characterisation of such very high molecular weight polymers 
presents its own problems as illustrated by PVOAcB4 (section 4.2.2). 
urthermore, the higher the molecular weight, the higher is the FF 
degree of branching, this can lead to increasing ambiguity in the 
results, due to differences in the extent of branching. The use of 
more sensitive, on-line detection techniques with G. P. C. could 
resolve a lot of these difficulties. Low angle laser light scatter- 
ing (LALLS) is a relatively new technique but has the power of 
measuring F. W 
(which is more sensitive to higher molecular weights 
and hence branching than R ), directly and absolutely. Light L. ') n0 
scattering also provides structural information which could resolve 
the problems of the relationship g' = f(g) (equation 2.47, section 
2.3.6.2). Furthermore, on-line light scattering has fewer of the 
problems of static LALIJ since solutions are efficiently filtered 
by the G. P. C. before entering the detector. 
. ýl 
A further investigation into the aqueous G. F. C. of PVOH (and 
PEC's) is required. Alternative a. P. C. packings could be used with 
on-line absolute detection in order to elucidate the separation 
mechanigns of the polymers. Use of PVOH of different degrees of 
hydrolysiEi coulr-I provide soj-p useful data here. 
AITENDIX I 
Relationship Between iNOAc and FVOH 
A simple theoretical relationship should exist between the 
mol ecul ar weights of PTJAc ind derived PV6', j providing no structural 
changes occur on hydrolysis (i. e. the polymer is linear or branches 
through the acetoxy qroup have been separated). 
If the average degree of polymerisation of PVOAc is npand the 
hydrolysis has converted a fraction x of the OAc Groups to OH groups 
theN 
A 
pol = nxi-I r OAc 
+ n(l-x)l. i r OH 
hydrolped 
1) 
where Mr 
OAc 
an d N, r OH 
are the molar masses of the acetate and alcohol 
repeat units. 
-[CH2-CH(OCOCH 
A- 
-[CH 2 -CH(OH)]- 
acetate ;.,, = 86 alcohol ii, ý 44 
a (A. 2) *01.11 pol = n(x(Ill r OAc 
-Zr 
OH 
)+ i"', 
olf 
) 
= n(42x + 44) 
(A. 3) 
But since 86n n= 
'IPVOAc 
RPVOAc 
81-6- 
PVOAc (42x + 44) (A-4) then KP., 86 
Defining the degree of hydrolysis as the percentage of functional 
groups which are hydroxyl groups (i. e. 100(1-x)) gives 
86 
it 
Pol = 42x + 44 
(A. 5) 
'ýVOAC 
P6 T. "Dol 44 (A. 6) 
72- 
A-- 
J% PVOAc 
(A. 7) 36 
rý -2- 
"TVAC 
M, 
degree of hydrolysis = 100(1_x) = 
8600, (l _ A, 
(A. 8) 
42 
"ýVOAc I 
For PVOAc completely hydrolysed to PVCH degree of hydrolysis 
and equation (A-8) reduces to, 
44 - 79 "'PV OAC 
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